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ABSTRACT 
Pathogen infection of crops causes large-scale annual yield losses for farmers 
worldwide and hinders global efforts to provide adequate amounts of nutrition for the 
ever-growing human population. Plant-parasitic nematodes (PPN) are among some of 
the most devastating pathogens due to their ability to parasitize an expansive variety of 
agriculturally important crops. In order to identify ways to attenuate PPN infection and 
limit yield losses it is vital that we increase our understanding of host-PPN interactions. 
Here we investigate the molecular mechanisms that are occurring both within PPN and 
at the interface between PPN and their host plants.  
Research into PPN-derived secretory proteins, termed effectors is currently the 
most well studied avenue of research to date. Discoveries made as part of this 
dissertation make a significant contribution to PPN effector research by identifying the 
first DNA-binding PPN effector and characterizing its functionality in the model PPN-
host system Heterodera schachtii, the sugar beet cyst nematode, and Arabidopsis 
thaliana. 
The secretion of exosomes and small RNAs from a number of pathogens into 
their respective hosts, including animal parasitic nematodes, led us to investigate these 
potential mechanisms in PPN. Exploration into exosome secretion in two different PPN 
species yielded a small and inconsistent number of exosome-like vesicles. It became 
apparent that isolation of exosomes from obligate parasites such as PPN poses a 
number of technical challenges making it impossible to conclude that the release of 
exosomes is a bone-fide parasitic strategy utilized by PPN. High-throughput small RNA 
	 vi	
sequencing of H. glycines led to the detection of a set of PPN-derived miRNAs that 
have the potential to target host plant transcripts. Future verification of the functionality 
of PPN-derived miRNAs within host cells will represent a major breakthrough in our 
understanding of PPN infection. 
Finally, we investigated the role of spliced leader trans-splicing (SLTS) in 
Heterodera glycines, the soybean cyst nematode. The existence of spliced leaders (SL) 
within the nematode phylum was documented several decades ago but it is still 
unclear what role SLTS plays within the nematode and how vital this role is to 
nematode viability. A comprehensive genome and transcriptome-wide SL study was 
conducted in H. glycines, which identified a large set of hypervariable SLs that were 
collectively found on  >2,000 transcripts. The frequent appearance of H. glycines SLs 
on a large number of transcripts makes them an attractive target for future RNAi 
studies aimed at significantly affecting the viability of H. glycines.  
Collectively, the research presented in this dissertation furthers our 
understanding of currently explored parasitic mechanisms and offers plausible insights 
into promising new avenues of PPN research.  
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CHAPTER 1. GENERAL INTRODUCTION 
Nematoda is the second most diverse metazoan phylum containing more than 
23,000 recognized species worldwide, with an estimated one million more that are yet 
to be discovered. The phylum is comprised of both free-living species and parasitic 
species that are capable of infecting humans, larger animals and most plants (Blaxter 
and Koutsovoulos, 2015). Molecular analysis of nematode nuclear small subunit 
ribosomal RNAs indicates that plant parasitism has evolved independently on at least 
four occasions (Quist et al., 2015). The Tylenchida order (clade 12) contains multiple 
economically important plant-parasitic nematodes (PPN) including Heterodera glycines, 
commonly known as the soybean cyst nematode, which causes more than $1 billion in 
annual yield losses in the U.S. (Allen et al., 2017; Koenning and Wrather, 
2010).  Increasing our understanding of the parasitic mechanisms and the molecular 
signaling performed by H. glycines will play a key role in enhancing plant resistance in 
a variety of economically important crops. 
 
Life cycle and infection 
H. glycines has six life stages; the egg, four juvenile stages (J1-J4), and an adult 
stage. Hatching of H. glycines is increased by the presence of plant exudates within 
the soil (Masamune et al., 1982). The J1 nematode undergoes its first molt within the 
egg at which point it emerges from the egg as J2 and begins migration towards the 
root tissue. When the J2 encounters root tissue it breaks through the cell-wall using a 
combination of thrusting its anterior mouth spear, known as a stylet, and the secretion 
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of proteins enriched in cell-wall digesting enzymes. Stylet thrusting and protein 
secretion continue to assist the nematode as it migrates intracellularly through the 
cortical cells towards the vascular tissue (Wang et al., 1999; Wyss and Grundler, 1992). 
The proteins secreted by the infecting nematode are collectively referred to as 
effectors due to their ability to alter the structure and function of host cells (Hogenhout 
et al., 2009). The identification and functionality of effectors is currently under 
investigation and will be described in more detail later in this chapter.  
Detection of the vascular tissue terminates nematode migration and initiates the 
sedentary phase. During the sedentary phase, the nematode methodically probes 
through the cell wall of a selected cell and extends the stylet to cause invagination of 
the cell membrane (Wyss and Grundler, 1992). Through the secretion of a complex 
suite of effectors, many of which have unknown functions to date, the selected cell is 
transformed into a syncytium (Hussey, 1989). The syncytium is the nematode’s sole 
source of nutrients for the remainder of its life cycle and is characterized by the 
dissolution of cell walls to create a large multinucleated structure. Many other 
morphological changes occur during syncytium formation including loss of the vacuole, 
alteration in cytoskeletal structure, increased density in the cytoplasm and an increase 
in ER, ribosomes and golgi (Bleve-Zacheo and Zacheo, 1987; Engler et al., 2004; Jones 
and Northcot.Dh, 1972; Jones and Northcote, 1972). 
Once the syncytium has been established, the nematode use its stylet to 
alternate between the injection of secretions and ingestion of host cytoplasm (Hussey, 
1989). The nematode grows into a pyriform shape while advancing through the juvenile 
stages. The males emerge outside the root from the J4 cuticle, as a vermiform 
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nematode in preparation for copulation. The females continue to feed and swell 
through the J4 and adult stages eventually causing the vulva to protrude through the 
root tissue ready for copulation (Wyss and Grundler, 1992).  Once sexual reproduction 
has occurred, up to one third of the eggs can be deposited into an egg sac and will 
hatch soon after, allowing for multiple infection cycles within a single growing season. 
The remainder of the eggs will stay inside the female body which hardens to form a 
cyst (Koshy and Swarup, 1971). The eggs can lay dormant inside a hardened cyst for 
many years until nematode hatching is stimulated by the presence of root exudates in 
the soil (Fukuzawa et al., 1985; Masamune et al., 1982). The cyst provides protection 
from adverse conditions such as cold winter temperatures and harmful chemical 
compounds making it difficult to eradicate H. glycines using common farming practices 
such as crop rotation and pesticide application (Jackson et al., 2005).  
 
Plant immunity 
As sessile organisms, soybeans, like other plants have evolved an intricate 
innate immune system to fend off nematodes and other pathogens. Plant immunity can 
be illustrated as a ‘zigzag’ model (Jones and Dangl, 2006). Briefly, plants possess 
extracellular receptors collectively known as pattern recognition receptors (PRRs). 
During infection, PRRs recognize conserved pathogen associated molecular patterns 
(PAMPs) such as flagellin to establish pattern-triggered immunity (PTI). PPN, including 
H. glycines, produce PAMPs in the form of ascarosides pheromones capable of 
inducing host defenses and enhancing plant resistance (Manosalva et al., 2015). 
Pathogens seek to overcome PTI by secreting virulence effectors resulting in host 
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effector-triggered susceptibility (ETS) (Hogenhout et al., 2009; Jones and Dangl, 2006). 
In nematodes, the most well-studied strategy to date is the secretion of protein 
effectors which are deployed by multiple cyst nematode (CN) species, including H. 
glycines (Mitchum et al., 2013). Plants respond by recognizing the presence of certain 
effectors, either directly or indirectly, through the evolution of resistance (R) genes, 
which typically encode intracellular nucleotide-binding leucine-rich repeat proteins 
(NB-LRRs). Effector recognition prompts a pro-cell death signal transduction cascade 
known as effector-triggered immunity (ETI). This is an amplified version of PTI and 
often manifests itself as the hypersensitive response (HR) resulting in cell death or 
necrosis (Jones and Dangl, 2006). Secretion of the effector RBP-1 by the potato cyst 
nematode, G. pallida, and recognition by the NB-LRR host protein Gpa2 is thus far the 
only documented case of effector-R gene recognition during CN infection (Sacco et al., 
2009). There are other cases in which the presence of a CN effector is shown to trigger 
the cell death response but the mechanisms behind these responses are unclear (Ali et 
al., 2015; Liu et al., 2016).  
The search for R genes in soybean has identified numerous quantitative trait loci 
(QTL) affiliated with H. glycines resistance, with the two major ones Rhg1 and Rhg4 
(Resistance to H. glycines) being identified on chromosome 18 and 8, respectively. The 
genes that are closely linked to these QTL, three in Rhg1 and one in Rhg4, do not 
encode for typical NB-LRR resistance proteins suggesting that H. glycines resistance is 
driven by one or more novel mechanisms (Cook et al., 2012; Liu et al., 2017; Liu et al., 
2012). The development of resistant cultivars is a key strategy for H. glycines 
management with an estimated yield loss prevention total exceeding $400 million 
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between 1975 and 1980 for the resistant cultivar Forrest (Concibido et al., 2004; 
Kandoth et al., 2011). H. glycines juveniles are still able to penetrate the roots of 
resistant cultivars but they are unable to establish adequate syncytia due to the onset 
of necrosis (Acedo et al., 1984; Kandoth et al., 2011).  
The evolutionary battle between the plant and pathogen continues as a dynamic 
process in which the pathogen aims to reduce or diversify detected effectors and 
evolves new evasive effectors to suppress plant defenses. Meanwhile, plant R genes 
are evolving to enhance their effector recognition capabilities to ensure a robust ETI 
system (Jones and Dangl, 2006).  
 
The mining and functionality of H. glycines effector proteins 
As mentioned above, PPN secrete a suite of effector proteins in order to 
successfully parasitize host crops. The majority of PPN effectors accumulate within 
specialized esophageal gland cells, two subventral and one dorsal, before being 
secreted through the stylet (Hussey, 1989; Vieira et al., 2011). To date, more than 80 
candidate effectors have been identified for H. glycines through microaspiration and 
sequencing of H. glycines gland cell RNA (Gao et al., 2001, 2003; Noon et al., 2015; 
Wang et al., 2001). Individual characterization of a subset of H. glycines effectors has 
been carried out after identification of orthologs in Heterodera schachtii, commonly 
referred to as the sugar beet cyst nematode. Studies conducted using H. schachtii can 
be advantageous for in-depth genomic analysis as H. schachtii, unlike H. glycines, is 
uniquely capable of infecting the model host crop Arabidopsis thaliana (Gheysen and 
Fenoll, 2011; Sijmons et al., 1991). 
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The functional CN effector studies published so far have indicated that the 
subventral glands play a prominent role during the early stages of infection (Davis et 
al., 2008). Subventral gland dominance in the early life stages is supported by 
microscopic observations that show large subventral glands in early juvenile 
nematodes which gradually reduce in size as the life cycle progresses (Bird, 1967; 
Endo, 1987). Subventral secretions during migration contain a series of cell-wall 
modifying effectors including endoglucanases, expansins and pectate lyases. 
Enzymatic effectors are highly expressed in J2 nematodes and aid in the disruption of 
root tissue for migration, in some cases by directly binding to the cell wall (Gao et al., 
2003; Goellner et al., 2000; Haegeman et al., 2011a; Liu et al., 2016; Popeijus et al., 
2000; Qin et al., 2004; Smant et al., 1998; Vanholme et al., 2007; Wang et al., 1999) . 
During the establishment and expansion of the syncytium, a number of plant 
proteins relating to cell-wall biogenesis and modification are significantly altered 
(Goellner et al., 2001; Siddique et al., 2012; Wieczorek et al., 2006). In H. schachtii, the 
secretion of a cellulose-binding protein effector has been shown to interact directly 
with the A. thaliana protein pectin methylesterase 3, suggesting that effectors are at 
least partly responsible for cell-wall modifications in addition to the actual degradation 
(Hewezi et al., 2008). Interaction between the cellulose-binding protein effector and 
host pectin methylesterase reduces cell wall pectin methylesterification and 
accelerates other cell wall enzymatic activities (Hewezi et al., 2008). Another CN 
effector, 19C07, interacts directly with the auxin influx transporter LAX3 which under 
normal conditions is responsible for inducing the cell wall-modifying enzyme 
polygalacturonase as part of lateral root formation (Lee et al., 2011).   
	7	
The effector 19C07 is part of a larger network of effectors that appear to target 
the phytohormone auxin, as manipulation of a number of key transcription factors 
involved in auxin signaling are differentially expressed in the syncytium and 
surrounding cells (Hewezi et al., 2014; Szakasits et al., 2009). One example is the auxin 
transcription factor indoleacetic acid-induced 16 (IAA16), which is bound by the 
nuclear localized CN effector 10A07. IAA16-10A07 binding causes an alteration in 
expression levels of auxin response factors which are reflective of auxin signaling 
interference (Hewezi et al., 2015). Manipulations of phytohormone pathways is also 
evident from the secretion of chorismate mutase effectors by a number of PPN (Gao et 
al., 2003; Haegeman et al., 2011b; Jones et al., 2003; Lambert et al., 1999; Vanholme 
et al., 2009). Chorismate mutase is a key enzyme involved in the production of a 
number of metabolites including auxin and salicylic acid (SA), making chorismate 
mutase an appealing target for pathogen manipulation (Maeda and Dudareva, 2012). 
SA in particular is key to plant defense against biotrophic and hemi-biotrophic 
pathogens so it is not surprising that overexpression of genes involved in the 
production, regulation and signaling of SA resulted in reduced CN susceptibility (Bari 
and Jones, 2009; Lin et al., 2016; Matthews et al., 2014). Conversely, a number of SA-
deficient mutants exhibited an increased susceptibility to CN infection (Wubben et al., 
2008). Increased susceptibility and the downregulation of SA-responsive genes also 
occurs in plants overexpressing the CN effectors HgGLAND18 and 10A06 (Hewezi et 
al., 2010; Noon et al., 2016).   
CLE signaling in plants represents another target for PPN effectors to alter plant 
physiology in favor of establishing and expanding syncytia. CLEs are small peptides 
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involved in a number of aspects of plant growth and development (Yamada and Sawa, 
2013). Effectors with sequence similarity to the conserved CLE motif of plants have 
been identified in a number of PPN (Gao et al., 2003; Gao et al., 2012; Lu et al., 2009; 
Rutter et al., 2014; Wang et al., 2011; Wang et al., 2001). Evidence exists that PPN 
CLEs bear functional similarity to plant CLEs and can be post-translationally modified 
in planta in the same fashion as plant CLE precursors (Chen et al., 2015; Lu et al., 
2009; Wang et al., 2010). Susceptibility to nematodes is significantly reduced in plants 
expressing double stranded RNA that is complementary to PPN CLE genes (Patel et 
al., 2008).  
As observed above, the majority of CN effector studies have focused on the 
interaction between a CN effector and a host protein. Advances in effector 
characterization within other plant pathogens such as Xanthomonas spp. suggested 
that CN effectors are also interacting directly with host DNA (Antony et al., 2010; de 
Lange et al., 2013; Kay et al., 2007; Kim et al., 2008; Li et al., 2013; Nissan et al., 2012; 
Nissan et al., 2006; Romer et al., 2007; Streubel et al., 2013; Tian et al., 2014; Wang et 
al., 2014; Yang et al., 2000). The potential for DNA-binding CN effectors was supported 
by the identification of novel PPN effectors with predicted nuclear localization signals 
that share protein identity with histone and helicase DNA-binding regions (Bellafiore et 
al., 2008; Gao et al., 2003; Noon et al., 2015). Chapter 2 of this dissertation is 
dedicated to the discovery of a novel DNA-binding CN effector, GLAND4, which was 
functionally characterized as part of this dissertation. Briefly, GLAND4, which has a 
histone-like motif in the N-terminus, binds specifically to a promoter region within the 
Arabidopsis genome, termed GLAND4 responsive element 2 (G4RE2). Binding of 
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GLAND4 to G4RE2 caused a downregulation of the two genes flanking G4RE2, 
meaning that GLAND4 is the first documented case of a plant pathogenic DNA-binding 
transcriptional repressor. The downregulated genes that flank G4RE2 are both lipid 
transfer proteins which have previously been implicated in plant defense (Jung et al., 
2003).  
 
Exosomes  
Breakthroughs in a number of pathosystems have identified other bioactive 
molecules, aside from effector proteins, that can act as change agents inside the host. 
One example is the release of exosomes by the animal-parasitic nematode 
Heligmosomoides polygyrus and the human filarial nematode Brugia malayi, as well as 
various other helminths, protozoa and fungi (Buck et al., 2014; Gehrmann et al., 2011; 
Twu et al., 2013; Wang et al., 2015; Zamanian et al., 2015). Exosomes are secretory 
vesicles that range from 40-100nm, which are typically used as a form of cell-to-cell 
communication in multicellular organisms (Raposo and Stoorvogel, 2013; Vlassov et 
al., 2012). Exosomes are generated through inward budding of the endosomal 
membrane, to form multi vesicular bodies (MVBs), meaning that their composition is 
reflective of the proteins, RNA and DNA from their cytoplasm of origin (Trams et al., 
1981; Valadi et al., 2007; White et al., 2006).  
In animal pathosystems, the internalization of parasite-derived exosomes by 
host cells is already known to cause alterations in the levels of key cytokines and other 
factors involved in host immunity, resulting in more successful infection (Silverman et 
al., 2010; Torrecilhas et al., 2009). An investigation into the role of exosomes in host-
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PPN interactions, where little is currently known, is detailed in chapter three of this 
dissertation. The current lack of knowledge regarding the role of exosomes in PPN and 
plant-pathogens in general may be partly attributed to a sparse understanding of 
exosomes within the plant hosts themselves as compared to their animal counterparts 
(Rutter and Innes, 2017). Transmission electron microscopy studies using plant cells 
have revealed the presence of MVBs, the vesicles which contain exosomes before their 
release. The number of plant MVBs, the rate of membrane fusion, and the number of 
EVs released, can all be altered in response to pathogen infection and treatment with 
defense hormones (An et al., 2006a; An et al., 2006b; Rutter and Innes, 2017). More 
significantly, clusters of vesicles have been reported within the extrahaustorial matrix, 
the region between the fungal and plant cell membranes, during powdery mildew 
infection. The origin of the EVs is unknown but MVB-like structures from the fungi were 
observed visually fusing with the fungal plasma membrane making it possible that EVs 
could be exchanged in either or both directions (Micali et al., 2011).  
Alterations in vesicles, collectively termed secretory granules, have been 
observed in the gland cells of various life stages and species of PPN during plant 
infection (Baldwin, 1982; Endo, 1987). The secretory granules move anteriorly towards 
a gland cell valve where they are shown to fuse with the membrane to release their 
contents (Bird, 1967; Endo, 1984). These studies, which were not specifically designed 
for granule preservation, noted the presence of granules with varying densities, 
including ones containing minutely dense spherical bodies (Hussey, 1989). It is 
possible that a microscopy study aimed at the fixation of PPN granules will better 
decipher the subpopulations of granules, to accurately assess the potential for 
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exosome release at the plant-nematode interface. It may also be possible to identify 
exosomes by incubating parasitic nematodes in media to collect their secretion, as 
was the case in B. malayi (Zamanian et al., 2015).  
 
Small RNAs 
As noted above, exosomes carry a variety of cargo, including different types of 
protein, DNA and RNA (Trams et al., 1981; Valadi et al., 2007; White et al., 2006). High-
throughput sequencing of pathogenic nematode-derived exosomes from H. polygyrus 
and B. malayi revealed the presence of miRNAs (Buck et al., 2014; Zamanian et al., 
2015). miRNAs are a class of small RNAs, approximately 21-24 nucleotides in length, 
which perform sequence-specific post-transcriptional gene silencing (Axtell et al., 
2011). Comparisons between the two parasitic nematode datasets yielded a small set 
of common microRNAs and a large number of species-specific miRNAs (Buck et al., 
2014; Zamanian et al., 2015). Amongst the common target genes was lethal-7 (Let-7), 
which has numerous endogenous targets, the most relevant of those being involved in 
host immune responses such as macrophage polarization and cytokine expression, 
making Let-7 an attractive target for manipulation (Banerjee et al., 2013; Schulte et al., 
2011). The datasets also included a number of other nematode miRNAs with homology 
to host miRNAs. Synthetic production and transfection of a subset of these 
homologous miRNAs from H. polygyrus into host cells caused a reduction of reporter 
gene expression, suggesting that pathogenic nematode miRNAs are able to utilize host 
miRNA machinery to modulate gene expression. Exosomes from H. polygyrus were 
also found to contain a nematode Ago protein, which implies that exosomes may also 
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be carrying other components that are necessary for parasite miRNA functionality in 
the host (Buck et al., 2014).  
The presence of small RNAs during PPN infection has not yet been documented 
but such a mechanism would require cross kingdom functionality of secreted small 
RNAs. Naturally occurring cross kingdom RNAi is documented in the interaction 
between the fungal phytopathogen Botrytis cinerea and its hosts Arabidopsis and 
tomato. Small RNAs identified in B. cinerea, when expressed in the host, were able to 
utilize host miRNA machinery to suppress genes involved in immunity, resulting in 
enhanced disease susceptibility (Weiberg et al., 2013). Evidence in support of cross 
kingdom functionality also exists, when artificially induced, from plant to nematode. 
Transgenic plants producing self-complementary ‘hairpin’ RNA constructs are able to 
reduce the expression of PPN target genes, though it is not known whether the PPN 
gene silencing is due to ingestion of small RNAs or double stranded RNA (Charlton et 
al., 2010; de Souza et al., 2013; Dinh et al., 2014; Dutta et al., 2015b; Hamamouch et 
al., 2012; Huang et al., 2006; Kumar et al., 2017; Li et al., 2010a; Li et al., 2010b; Noon 
et al., 2016; Papolu et al., 2013; Patel et al., 2010; Pogorelko et al., 2016; Sindhu et al., 
2009; Xue et al., 2013; Yadav et al., 2006). In an effort to determine the involvement of 
pathogen-derived small RNAs in host-PPN interactions, a high-throughput small RNA 
sequencing project is currently underway, the details for which are provided in chapter 
three of this dissertation.  
 
 
 
	13	
Spliced leaders 
Understanding pathogenic virulence mechanisms such as effector proteins and 
exosomes deployed by PPN provides a means by which the plant hosts can be 
modified to defend against PPN and favor plant resistance. Another approach for 
improving plant resistance is the proactive release of defensive compounds by the 
plant, which specifically target essential pathways within PPN. As stated above, one 
example of proactive release is the use of ‘hairpin’ RNA constructs to target essential 
housekeeping genes (Charlton et al., 2010; de Souza et al., 2013; Dutta et al., 2015a; 
Kumar et al., 2017; Yadav et al., 2006). A potential drawback relating to the use of 
RNAi against housekeeping genes is the adverse silencing of genes in non-target 
organisms. In order to circumvent this problem, unique PPN target molecules and 
pathways must be discovered.  
One such pathway that has the potential to provide unique PPN targets is the 
pathway required to conduct spliced leader trans-splicing (SLTS) in PPN. Chapter four 
of this dissertation is therefore dedicated to the discovery and functional analysis of 
SLTS in H. glycines. Splicing is a key step involved in the maturation of mRNA 
transcripts (Hoskins and Moore, 2012). Cis-splicing is the most widely known splicing 
mechanism and is defined as the process by which exons that are derived from the 
same precursor mRNA are ligated together after removal of introns. Less commonly, 
exons originating from distantly located regions of the genome are ligated together in a 
process known as trans-splicing. The most common example of trans-splicing involves 
the addition of a short nucleotide sequence, known as spliced leader (SL), to the front 
of a multitude of unrelated mRNAs in a process referred to as spliced leader trans-
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splicing (SLTS) (Boothroyd and Cross, 1982; De Lange et al., 1984; Van der Ploeg et 
al., 1982). The SL sequence found at the 5’ end of mRNAs is initially transcribed as part 
of a larger SL RNA gene. The SL RNA contains a donor splice site that divides the 
molecule into the 5’ exon-like region termed the SL, and a 3’ intron-like region. The SL 
intron sequence contains a well-conserved Sm binding motif, which alongside the 
donor splice site, is essential for the recruitment of splicing machinery (Bruzik et al., 
1988; Hannon et al., 1992; Sharp, 1987). In the event of splicing, the SL attaches to the 
5’ end of a mRNA while the SL intron sequence forms a Y-structured intermediate with 
the intron-like sequence from the trans-spliced precursor mRNA and is targeted for 
degradation (Bektesh and Hirsh, 1988; Murphy et al., 1986). 
SLTS was first identified in trypanosomes where all mRNAs are known to 
receive a SL (Boothroyd and Cross, 1982; Milhausen et al., 1984; Parsons et al., 1984). 
SLTS has since been found to have evolved independently in select species which 
have a diverse phylogenetic distribution encompassing nematodes, flatworms, rotifers, 
chordates, cnidarians, dinoflagellates and arthropods (Douris et al., 2010; Ganot et al., 
2004; Krause and Hirsh, 1987; Pouchkina-Stantcheva and Tunnacliffe, 2005; Rajkovic 
et al., 1990; Stover and Steele, 2001; Vandenberghe et al., 2001; Zhang et al., 2007). 
Evidence for SLTS is present in all nematodes that have been analyzed thus far. The 
model nematode organism C. elegans is one of the most well studied SLTS organisms 
to date and possesses two SL sequences, SL1 and SL2, which are present on 70% of 
transcripts (Allen et al., 2011; Huang and Hirsh, 1989; Krause and Hirsh, 1987; Zorio et 
al., 1994). A total of 110 SL1 RNA genes are present in the C. elegans genome and 
mutations that prevent the expression of these genes induce a lethal phenotype 
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(Ferguson et al., 1996; Nelson and Honda, 1985). C. elegans SL1 or SL1-like 
sequences have been discovered in multiple other nematodes, including H. glycines 
and Globodera spp. but their necessity for viability is yet to be explored in PPN (Bers, 
2008; Cotton et al., 2014; Fosu-Nyarko et al., 2016).  
In C. elegans >17% of genes are located in operons meaning that they are 
initially transcribed as polycistronic mRNAs (Allen et al., 2011). It is clear that SLTS 
plays a key role in resolving C. elegans polycistronic mRNAs so that each coding 
sequence receives a 5’cap and poly A tail ready for translation (Spieth et al., 1993). 
Operon resolution, however, is not the only function of SLTS as non-operon genes are 
also SL trans-spliced in C. elegans. Furthermore, SLs in G. pallida and other SLTS 
organisms have shown no clear affiliation with operon genes (Cotton et al., 2014; Roy, 
2017; Stover and Steele, 2001; Vandenberghe et al., 2001). One proposed function of 
SLTS is the creation of mRNAs with uniform 5’-ends, often referred to as 5’-end 
sanitization, as the SL displaces the genic 5’-UTR of pre-mRNA molecules (Davis, 
1996). Replacement of the 5’-UTR with a SL is potentially advantageous because the 
SL limits the accumulation of deleterious sequences that might compromise the mRNA 
such as out of frame start codons (Hastings, 2005). The 5’-end sanitization hypothesis 
is supported by a strong trend showing that SLTS occurs very close to, or immediately 
next to the start codon in many SLTS organisms (Blumenthal and Steward, 1997; Lall 
et al., 2004). Replacement of the 5’-UTR with a SL may also allow for the incorporation 
of a common motif that is contained within the SL sequence itself. In Oikopleura dioica, 
ribosomal genes were found to lack a cis-regulatory 5’ terminal oligopyrimidine (TOP) 
motif, which is a growth-associated translational regulator commonly found near the 
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transcriptional start site of ribosomal genes (Amaldi and Pierandreiamaldi, 1990; Avni 
et al., 1994; Colombo and Fried, 1992; Danks et al., 2015; Tang et al., 2001). Even 
though O. dioica ribosomal genes lack the TOP motif, the motif was identified in 80% 
of the ribosomal mRNAs, meaning that the mRNAs were trans-spliced to a SL 
containing a TOP-motif. C. elegans ribosomal mRNAs were also commonly SL trans-
spliced and although the C. elegans SLs do not contain a typical TOP motif, it has 
been proposed that the TOP motif definition may be too conservative (Danks et al., 
2015; Thoreen et al., 2012).  
As stated earlier, C. elegans utilizes two different SLs. The same two SL 
sequences were identified in Globodera rostochiensis along with 30 other SL 
sequences, 87% of which were confirmed on transcripts in G. pallida (Bers, 2008; 
Cotton et al., 2014). Interestingly, H. glycines also possesses a set of twenty-one SLs 
that display unique aspects to those identified in Globodera spp., leading to 
speculation about the role that spliced leader diversification might play in parasitism 
and nematode viability (Chapter four this dissertation).  
 
General overview of research chapters 
This dissertation is comprised of three independent research projects (chapters 
2-4), all of which aim to investigate the molecular mechanisms that occur at either the 
interface of host-PPN interactions or within the PPN itself.  
As stated above, effector proteins deployed by various CN represent an ongoing 
area of research for which a greater amount of knowledge is required in order to gain a 
clearer picture of the host-PPN interface. Chapter two enhances our knowledge of 
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effectors by providing a detailed functional analysis of the CN effector GLAND4, which 
to our knowledge is the first documented case of a DNA-binding PPN effector.  
Chapter three seeks to assess the potential role that exosomes and small RNAs play in 
host-PPN interactions. Findings within this chapter highlight some of the technical 
challenges pertaining to exosome isolation from an obligate parasite. Conclusions from 
the small RNA sequencing project in H. glycines suggest that nematode-derived 
miRNAs do possess the ability to target host transcripts.  
Finally chapter four capitalizes on recently available genome and transcriptome 
wide data to explore the role of spliced leader trans-splicing with H. glycines. This 
chapter reveals a large set of H. glycines SLs that are involved in a wide range of 
biological processes.  
 
 
References 
 
Acedo, J. R., V. H. Dropkin, and V. D. Luedders, 1984, NEMATODE POPULATION 
ATTRITION AND HISTOPATHOLOGY OF HETERODERA-GLYCINES SOYBEAN 
ASSOCIATIONS: Journal of Nematology, v. 16, p. 48-57. 
Ali, S., M. Magne, S. Y. Chen, O. Cote, B. G. Stare, N. Obradovic, L. Jamshaid, X. H. 
Wang, G. Belair, and P. Moffett, 2015, Analysis of Putative Apoplastic Effectors 
from the Nematode, Globodera rostochiensis, and Identification of an Expansin-
Like Protein That Can Induce and Suppress Host Defenses: Plos One, v. 10. 
Allen, M. A., L. W. Hillier, R. H. Waterston, and T. Blumenthal, 2011, A global analysis 
of C. elegans trans-splicing: Genome Research, v. 21, p. 255-264. 
Allen, T. W., C. A. Bradley, A. J. Sisson, E. Byamukama, M. I. Chilvers, C. M. Coker, A. 
A. Collins, J. P. Damicone, A. E. Dorrance, N. S. Dufault, P. D. Esker, T. R. Fake, 
L. J. Giesler, A. P. Grybauskas, D. E. Hershman, C. A. Hollier, T. Isakeit, D. J. 
Jardine, H. M. Kelly, R. C. Kemerait, N. M. Kleczewski, S. R. Koenning, J. E. 
Kurle, D. K. Malvick, S. G. Markell, H. L. Mehl, D. S. Mueller, J. D. Mueller, R. P. 
	18	
Mulrooney, B. D. Nelson, M. A. Newman, L. Osborne, C. Overstreet, G. B. 
Padgett, P. M. Phipps, P. P. Price, E. J. Sikora, D. L. Smith, T. N. Spurlock, C. A. 
Tande, A. U. Tenuta, K. A. Wise, and J. A. Wrather, 2017, Soybean Yield Loss 
Estimates Due to Diseases in the United States and Ontario, Canada, from 2010 
to 2014: Plant Health Progress, p. 19-27. 
Amaldi, F., and P. Pierandreiamaldi, 1990, TRANSLATIONAL REGULATION OF THE 
EXPRESSION OF RIBOSOMAL-PROTEIN GENES IN XENOPUS-LAEVIS: 
Enzyme, v. 44, p. 93-105. 
An, Q. L., K. Ehlers, K. H. Kogel, A. J. E. van Bel, and R. Huckelhoven, 2006a, 
Multivesicular compartments proliferate in susceptible and resistant MLA12-
barley leaves in response to infection by the biotrophic powdery mildew fungus: 
New Phytologist, v. 172, p. 563-576. 
An, Q. L., R. Huckelhoven, K. H. Kogel, and A. J. E. Van Bel, 2006b, Multivesicular 
bodies participate in a cell wall-associated defence response in barley leaves 
attacked by the pathogenic powdery mildew fungus: Cellular Microbiology, v. 8, 
p. 1009-1019. 
Antony, G., J. H. Zhou, S. Huang, T. Li, B. Liu, F. White, and B. Yang, 2010, Rice xa13 
Recessive Resistance to Bacterial Blight Is Defeated by Induction of the Disease 
Susceptibility Gene Os-11N3: Plant Cell, v. 22, p. 3864-3876. 
Avni, D., S. Shama, F. Loreni, and O. Meyuhas, 1994, VERTEBRATE MESSENGER-
RNAS WITH A 5'-TERMINAL PYRIMIDINE TRACT ARE CANDIDATES FOR 
TRANSLATIONAL REPRESSION IN QUIESCENT CELLS - CHARACTERIZATION 
OF THE TRANSLATIONAL CIS-REGULATORY ELEMENT: Molecular and 
Cellular Biology, v. 14, p. 3822-3833. 
Axtell, M. J., J. O. Westholm, and E. C. Lai, 2011, Vive la difference: biogenesis and 
evolution of microRNAs in plants and animals: Genome Biology, v. 12. 
Baldwin, J. G., 1982, FINE-STRUCTURE OF THE ESOPHAGUS OF MALES OF 
SARISODERA-HYDROPHILA (HETERODEROIDEA): Journal of Nematology, v. 
14, p. 279-291. 
	19	
Banerjee, S., N. Xie, H. C. Cui, Z. Tan, S. Z. Yang, M. Icyuz, E. Abraham, and G. Liu, 
2013, MicroRNA let-7c Regulates Macrophage Polarization: Journal of 
Immunology, v. 190, p. 6542-6549. 
Bari, R., and J. Jones, 2009, Role of plant hormones in plant defence responses: Plant 
Molecular Biology, v. 69, p. 473-488. 
Bektesh, S. L., and D. I. Hirsh, 1988, C. elegans mRNAs acquire a spliced leader 
through a trans-splicing mechanism: Nucleic Acids Research, v. 16, p. 1. 
Bellafiore, S., Z. Shen, M.-N. Rosso, P. Abad, P. Shih, and S. P. Briggs, 2008, Direct 
Identification of the Meloidogyne incognita Secretome Reveals Proteins with 
Host Cell Reprogramming Potential: Plos Pathogens, v. 4. 
Bers, N. E. M. v., 2008, Characterization of genes coding for small hypervariable 
peptides in Globodera rostochiensis: Characterization of genes coding for small 
hypervariable peptides in Globodera rostochiensis, p. 228 pp. 
Bird, A. F., 1967, CHANGES ASSOCIATED WITH PARASITISM IN NEMATODES .1. 
MORPHOLOGY AND PHYSIOLOGY OF PREPARASITIC AND PARASITIC 
LARVAE OF MELOIDOGYNE JAVANICA: Journal of Parasitology, v. 53, p. 768-
&. 
Blaxter, M., and G. Koutsovoulos, 2015, The evolution of parasitism in Nematoda: 
Parasitology, v. 142, p. S26-S39. 
Bleve-Zacheo, T., and G. Zacheo, 1987, Cytological studies of the susceptible reaction 
of sugarbeet roots to Heterodera schachtii: Physiological and Molecular Plant 
Pathology, v. 30, p. 13. 
Blumenthal, T., and K. Steward, 1997, RNA Processing and Gene Structure, in D. L. 
Riddle, T. Blumenthal, B. J. Meyer, and J. R. Priess, eds., C. elegans II: Cold 
Spring Harbor (NY), Cold Spring Harbor Laboratory Press. 
Boothroyd, J. C., and G. A. M. Cross, 1982, Transcripts coding for variant surface 
glycoproteins of Trypanosoma brucei have a short, identical exon at their 5′ end: 
Gene, v. 20, p. 9. 
	20	
Bruzik, J. P., K. Vandoren, D. Hirsh, and J. A. Steitz, 1988, TRANS SPLICING 
INVOLVES A NOVEL FORM OF SMALL NUCLEAR RIBONUCLEOPROTEIN-
PARTICLES: Nature, v. 335, p. 559-562. 
Buck, A. H., G. Coakley, F. Simbari, H. J. McSorley, J. F. Quintana, T. Le Bihan, S. 
Kumar, C. Abreu-Goodger, M. Lear, Y. Harcus, A. Ceroni, S. A. Babayan, M. 
Blaxter, A. Ivens, and R. M. Maizels, 2014, Exosomes secreted by nematode 
parasites transfer small RNAs to mammalian cells and modulate innate 
immunity: Nature Communications, v. 5. 
Charlton, W. L., H. Y. M. Harel, M. Bakhetia, J. K. Hibbard, H. J. Atkinson, and M. J. 
McPherson, 2010, Additive effects of plant expressed double-stranded RNAs on 
root-knot nematode development: International Journal for Parasitology, v. 40, 
p. 855-864. 
Chen, S. Y., P. Lang, D. Chronis, S. Zhang, W. S. De Jong, M. G. Mitchum, and X. H. 
Wang, 2015, In Planta Processing and Glycosylation of a Nematode 
CLAVATA3/ENDOSPERM SURROUNDING REGION- Like Effector and Its 
Interaction with a Host CLAVATA2-Like Receptor to Promote Parasitism: Plant 
Physiology, v. 167, p. 262-+. 
Colombo, P., and M. Fried, 1992, FUNCTIONAL ELEMENTS OF THE RIBOSOMAL 
PROTEIN-L7A (RPL7A) GENE PROMOTER REGION AND THEIR 
CONSERVATION BETWEEN MAMMALS AND BIRDS: Nucleic Acids Research, 
v. 20, p. 3367-3373. 
Concibido, V. C., B. W. Diers, and P. R. Arelli, 2004, A decade of QTL mapping for cyst 
nematode resistance in soybean: Crop Science, v. 44, p. 1121-1131. 
Cook, D. E., T. G. Lee, X. L. Guo, S. Melito, K. Wang, A. M. Bayless, J. P. Wang, T. J. 
Hughes, D. K. Willis, T. E. Clemente, B. W. Diers, J. M. Jiang, M. E. Hudson, and 
A. F. Bent, 2012, Copy Number Variation of Multiple Genes at Rhg1 Mediates 
Nematode Resistance in Soybean: Science, v. 338, p. 1206-1209. 
Cotton, J. A., C. J. Lilley, L. M. Jones, T. Kikuchi, A. J. Reid, P. Thorpe, I. J. Tsai, H. 
Beasley, V. Blok, P. J. A. Cock, S. Eves-van den Akker, N. Holroyd, M. Hunt, S. 
Mantelin, H. Naghra, A. Pain, J. E. Palomares-Rius, M. Zarowiecki, M. Berriman, 
J. T. Jones, and P. E. Urwin, 2014, The genome and life-stage specific 
transcriptomes of Globodera pallida elucidate key aspects of plant parasitism by 
a cyst nematode: Genome Biology, v. 15. 
	21	
Danks, G. B., M. Raasholm, C. Campsteijn, A. M. Long, J. R. Manak, B. Lenhard, and 
E. M. Thompson, 2015, Trans-Splicing and Operons in Metazoans: Translational 
Control in Maternally Regulated Development and Recovery from Growth Arrest: 
Molecular Biology and Evolution, v. 32, p. 585-599. 
Davis, E. L., R. S. Hussey, M. G. Mitchum, and T. J. Baum, 2008, Parasitism proteins in 
nematode-plant interactions: Current Opinion in Plant Biology, v. 11, p. 360-366. 
Davis, R. E., 1996, Spliced leader RNA trans-splicing in metazoa: Parasitology Today, 
v. 12, p. 33-40. 
de Lange, O., T. Schreiber, N. Schandry, J. Radeck, K. H. Braun, J. Koszinowski, H. 
Heuer, A. Strauss, and T. Lahaye, 2013, Breaking the DNA-binding code of 
Ralstonia solanacearum TAL effectors provides new possibilities to generate 
plant resistance genes against bacterial wilt disease: New Phytologist, v. 199, p. 
773-786. 
De Lange, T., P. A. M. Michels, H. J. G. Veerman, A. W. C. A. Cornelissen, and P. 
Borst, 1984, Many trypanosome messenger RNAs share a common 5' terminal 
sequence: Nucleic Acids Research, v. 12, p. 14. 
de Souza, J. D. A., R. R. Coelho, I. T. Lourenco, R. D. Fragoso, A. A. B. Viana, L. L. P. 
de Macedo, M. C. M. da Silva, R. M. G. Carneiro, G. Engler, J. de Almeida-
Engler, and M. F. Grossi-de-Sa, 2013, Knocking-Down Meloidogyne incognita 
Proteases by Plant-Delivered dsRNA Has Negative Pleiotropic Effect on 
Nematode Vigor: Plos One, v. 8. 
Dinh, P. T. Y., C. R. Brown, and A. A. Elling, 2014, RNA Interference of Effector Gene 
Mc16D10L Confers Resistance Against Meloidogyne chitwoodi in Arabidopsis 
and Potato: Phytopathology, v. 104, p. 1098-1106. 
Douris, V., M. J. Telford, and M. Averof, 2010, Evidence for Multiple Independent 
Origins of trans-Splicing in Metazoa: Molecular Biology and Evolution, v. 27, p. 
684-693. 
Dutta, T. K., P. Banakar, and U. Rao, 2015a, The status of RNAi-based transgenic 
research in plant nematology: Frontiers in Microbiology, v. 5. 
	22	
Dutta, T. K., P. K. Papolu, P. Banakar, D. Choudhary, A. Sirohi, and U. Rao, 2015b, 
Tomato transgenic plants expressing hairpin construct of a nematode protease 
gene conferred enhanced resistance to root-knot nematodes: Frontiers in 
Microbiology, v. 6. 
Endo, B. Y., 1984, ULTRASTRUCTURE OF THE ESOPHAGUS OF LARVAE OF THE 
SOYBEAN CYST NEMATODE, HETERODERA-GLYCINES: Proceedings of the 
Helminthological Society of Washington, v. 51, p. 1-24. 
Endo, B. Y., 1987, ULTRASTRUCTURE OF ESOPHAGEAL GLAND SECRETORY 
GRANULES IN JUVENILES OF HETERODERA-GLYCINES: Journal of 
Nematology, v. 19, p. 469-483. 
Engler, J. D., K. Van Poucke, M. Karimi, R. De Groodt, G. Gheysen, and G. Engler, 
2004, Dynamic cytoskeleton rearrangements in giant cells and syncytia of 
nematode-infected roots: Plant Journal, v. 38, p. 12-26. 
Ferguson, K. C., P. J. Heid, and J. H. Rothman, 1996, The SL1 trans-spliced leader 
RNA performs an essential embryonic function in Caenorhabditis elegans that 
can also be supplied by SL2 RNA: Genes & Development, v. 10, p. 1543-1556. 
Fosu-Nyarko, J., P. Nicol, F. Naz, R. Gill, and M. G. K. Jones, 2016, Analysis of the 
Transcriptome of the Infective Stage of the Beet Cyst Nematode, H-schachtii: 
Plos One, v. 11. 
Fukuzawa, A., A. Furusaki, M. Ikura, and T. Masamune, 1985, GLYCINOECLEPIN-A, A 
NATURAL HATCHING STIMULUS FOR THE SOYBEAN CYST NEMATODE: 
Journal of the Chemical Society-Chemical Communications, p. 222-224. 
Ganot, P., T. Kallesoe, R. Reinhardt, D. Chourrout, and E. M. Thompson, 2004, 
Spliced-leader RNA trans splicing in a chordate, Oikopleura dioica, with a 
compact genomet: Molecular and Cellular Biology, v. 24, p. 7795-7805. 
Gao, B. L., R. Allen, T. Maier, E. L. Davis, T. J. Baum, and R. S. Hussey, 2001, 
Identification of putative parasitism genes expressed in the esophageal gland 
cells of the soybean cyst nematode Heterodera glycines: Molecular Plant-
Microbe Interactions, v. 14, p. 1247-1254. 
	23	
Gao, B. L., R. Allen, T. Maier, E. L. Davis, T. J. Baum, and R. S. Hussey, 2003, The 
parasitome of the phytonematode Heterodera glycines: Molecular Plant-Microbe 
Interactions, v. 16, p. 720-726. 
Gao, X., X. Lu, M. Wu, H. Y. Zhang, R. Q. Pan, J. Tian, S. X. Li, and H. Liao, 2012, Co-
Inoculation with Rhizobia and AMF Inhibited Soybean Red Crown Rot: From 
Field Study to Plant Defense-Related Gene Expression Analysis: Plos One, v. 7. 
Gehrmann, U., K. R. Qazi, C. Johansson, K. Hultenby, M. Karlsson, L. Lundeberg, S. 
Gabrielsson, and A. Scheynius, 2011, Nanovesicles from Malassezia 
sympodialis and Host Exosomes Induce Cytokine Responses - Novel 
Mechanisms for Host-Microbe Interactions in Atopic Eczema: Plos One, v. 6. 
Gheysen, G., and C. Fenoll, 2011, Arabidopsis as a Tool for the Study of Plant-
Nematode Interactions: Genomics and Molecular Genetics of Plant-Nematode 
Interactions, p. 139-156. 
Goellner, M., G. Smant, J. M. De Boer, T. J. Baum, and E. L. Davis, 2000, Isolation of 
beta-1,4-endoglucanase genes from Globodera tabacum and their expression 
during parasitism: Journal of Nematology, v. 32, p. 154-165. 
Goellner, M., X. H. Wang, and E. L. Davis, 2001, Endo-beta-1,4-glucanase expression 
in compatible plant-nematode interactions: Plant Cell, v. 13, p. 2241-2255. 
Haegeman, A., J. T. Jones, and E. G. J. Danchin, 2011a, Horizontal Gene Transfer in 
Nematodes: A Catalyst for Plant Parasitism?: Molecular Plant-Microbe 
Interactions, v. 24, p. 879-887. 
Haegeman, A., S. Joseph, and G. Gheysen, 2011b, Analysis of the transcriptome of the 
root lesion nematode Pratylenchus coffeae generated by 454 sequencing 
technology: Molecular and Biochemical Parasitology, v. 178, p. 7-14. 
Hamamouch, N., C. Y. Li, T. Hewezi, T. J. Baum, M. G. Mitchum, R. S. Hussey, L. O. 
Vodkin, and E. L. Davis, 2012, The interaction of the novel 30C02 cyst nematode 
effector protein with a plant beta-1,3-endoglucanase may suppress host 
defence to promote parasitism: Journal of Experimental Botany, v. 63, p. 3683-
3695. 
	24	
Hannon, G. J., P. A. Maroney, Y. T. Yu, G. E. Hannon, and T. W. Nilsen, 1992, 
INTERACTION OF U6 SNRNA WITH A SEQUENCE REQUIRED FOR FUNCTION 
OF THE NEMATODE SL RNA IN TRANSSPLICING: Science, v. 258, p. 1775-
1780. 
Hastings, K. E. M., 2005, SL trans-splicing: easy come or easy go?: Trends in 
Genetics, v. 21, p. 240-247. 
Hewezi, T., P. Howe, T. R. Maier, R. S. Hussey, M. G. Mitchum, E. L. Davis, and T. J. 
Baum, 2008, Cellulose Binding Protein from the Parasitic Nematode Heterodera 
schachtii Interacts with Arabidopsis Pectin Methylesterase: Cooperative Cell 
Wall Modification during Parasitism: Plant Cell, v. 20, p. 3080-3093. 
Hewezi, T., P. J. Howe, T. R. Maier, R. S. Hussey, M. G. Mitchum, E. L. Davis, and T. J. 
Baum, 2010, Arabidopsis Spermidine Synthase Is Targeted by an Effector 
Protein of the Cyst Nematode Heterodera schachtii: Plant Physiology, v. 152, p. 
968-984. 
Hewezi, T., P. S. Juvale, S. Piya, T. R. Maier, A. Rambani, J. H. Rice, M. G. Mitchum, E. 
L. Davis, R. S. Hussey, and T. J. Baum, 2015, The Cyst Nematode Effector 
Protein 10A07 Targets and Recruits Host Posttranslational Machinery to 
Mediate Its Nuclear Trafficking and to Promote Parasitism in Arabidopsis: The 
Plant cell, v. 27, p. 891-907. 
Hewezi, T., S. Piya, G. Richard, and J. H. Rice, 2014, Spatial and temporal expression 
patterns of auxin response transcription factors in the syncytium induced by the 
beet cyst nematode Heterodera schachtii in Arabidopsis: Molecular Plant 
Pathology, v. 15, p. 730-736. 
Hogenhout, S. A., R. A. L. Van der Hoorn, R. Terauchi, and S. Kamoun, 2009, Emerging 
Concepts in Effector Biology of Plant-Associated Organisms: Molecular Plant-
Microbe Interactions, v. 22, p. 115-122. 
Hoskins, A. A., and M. J. Moore, 2012, The spliceosome: a flexible, reversible 
macromolecular machine: Trends in Biochemical Sciences, v. 37, p. 179-188. 
Huang, G. Z., R. Allen, E. L. Davis, T. J. Baum, and R. S. Hussey, 2006, Engineering 
broad root-knot resistance in transgenic plants by RNAi silencing of a conserved 
	25	
and essential root-knot nematode parasitism gene: Proceedings of the National 
Academy of Sciences of the United States of America, v. 103, p. 14302-14306. 
Huang, X. Y., and D. Hirsh, 1989, A 2ND TRANS-SPLICED RNA LEADER SEQUENCE 
IN THE NEMATODE CAENORHABDITIS-ELEGANS: Proceedings of the National 
Academy of Sciences of the United States of America, v. 86, p. 8640-8644. 
Hussey, R. S., 1989, DISEASE-INDUCING SECRETIONS OF PLANT-PARASITIC 
NEMATODES: Annual Review of Phytopathology, v. 27, p. 123-141. 
Jackson, T. A., G. S. Smith, and T. L. Niblack, 2005, Heterodera glycines infectivity and 
egg viability following nonhost crops and during overwintering: Journal of 
Nematology, v. 37, p. 259-264. 
Jones, J. D. G., and J. L. Dangl, 2006, The plant immune system: Nature, v. 444, p. 
323-329. 
Jones, J. T., C. Furlanetto, E. Bakker, B. Banks, V. Blok, Q. Chen, M. Phillips, and A. 
Prior, 2003, Characterization of a chorismate mutase from the potato cyst 
nematode Globodera pallida: Molecular Plant Pathology, v. 4, p. 43-50. 
Jones, M. G. K., and Northcot.Dh, 1972, NEMATODE-INDUCED SYNCYTIUM - 
MULTINUCLEATE TRANSFER CELL: Journal of Cell Science, v. 10, p. 789-
&amp;. 
Jones, M. G. K., and D. H. Northcote, 1972, Nematode-Induced Syncytium - 
Multinucleate Transfer Cell: Journal of Cell Science, v. 10, p. 789-&. 
Jung, H. W., W. Kim, and B. K. Hwang, 2003, Three pathogen-inducible genes 
encoding lipid transfer protein from pepper are differentially activated by 
pathogens, abiotic, and environmental stresses: Plant Cell and Environment, v. 
26, p. 915-928. 
Kandoth, P. K., N. Ithal, J. Recknor, T. Maier, D. Nettleton, T. J. Baum, and M. G. 
Mitchum, 2011, The Soybean Rhg1 Locus for Resistance to the Soybean Cyst 
Nematode Heterodera glycines Regulates the Expression of a Large Number of 
Stress- and Defense-Related Genes in Degenerating Feeding Cells: Plant 
Physiology, v. 155, p. 1960-1975. 
	26	
Kay, S., S. Hahn, E. Marois, G. Hause, and U. Bonas, 2007, A bacterial effector acts as 
a plant transcription factor and induces a cell size regulator: Science, v. 318, p. 
648-651. 
Kim, J.-G., K. W. Taylor, A. Hotson, M. Keegan, E. A. Schmelz, and M. B. Mudgett, 
2008, XopD SUMO protease affects host transcription, promotes pathogen 
growth, and delays symptom development in Xanthomonas-infected tomato 
leaves: Plant Cell, v. 20, p. 1915-1929. 
Koenning, S. R., and J. A. Wrather, 2010, Suppression of soybean yield potential in the 
continental United States by plant diseases from 2006 to 2009: Plant Health 
Progress, p. PHP-2010-1122-01-RS. 
Koshy, P. K., and G. Swarup, 1971, On the number of generations of Heteroderacajani, 
the pigeon-pea cyst nematode in a year: Indian Journal of Nematology, v. 1, p. 
88-90. 
Krause, M., and D. Hirsh, 1987, A TRANS-SPLICED LEADER SEQUENCE ON ACTIN 
MESSENGER-RNA IN C-ELEGANS: Cell, v. 49, p. 753-761. 
Kumar, A., A. Kakrana, A. Sirohi, K. Subramaniam, R. Srinivasan, M. Z. Abdin, and P. 
K. Jain, 2017, Host-delivered RNAi-mediated root-knot nematode resistance in 
Arabidopsis by targeting splicing factor and integrase genes: Journal of General 
Plant Pathology, v. 83, p. 91-97. 
Lall, S., C. C. Friedman, M. Jankowska-Anyszka, J. Stepinski, E. Darzynkiewicz, and R. 
E. Davis, 2004, Contribution of trans-splicing, 5 '-leader length, cap-poly(A) 
synergism, and initiation factors to nematode translation in an Ascaris suum 
embryo cell-free system: Journal of Biological Chemistry, v. 279, p. 45573-
45585. 
Lambert, K. N., K. D. Allen, and I. M. Sussex, 1999, Cloning and characterization of an 
esophageal-gland-specific chorismate mutase from the phytoparasitic 
nematode Meloidogyne javanica: Molecular Plant-Microbe Interactions, v. 12, p. 
328-336. 
Lee, C., D. Chronis, C. Kenning, B. Peret, T. Hewezi, E. L. Davis, T. J. Baum, R. 
Hussey, M. Bennett, and M. G. Mitchum, 2011, The Novel Cyst Nematode 
Effector Protein 19C07 Interacts with the Arabidopsis Auxin Influx Transporter 
	27	
LAX3 to Control Feeding Site Development: Plant Physiology, v. 155, p. 866-
880. 
Li, J. R., T. C. Todd, T. R. Oakley, J. Lee, and H. N. Trick, 2010a, Host-derived 
suppression of nematode reproductive and fitness genes decreases fecundity of 
Heterodera glycines Ichinohe: Planta, v. 232, p. 775-785. 
Li, J. R., T. C. Todd, and H. N. Trick, 2010b, Rapid in planta evaluation of root 
expressed transgenes in chimeric soybean plants: Plant Cell Reports, v. 29, p. 
113-123. 
Li, L., A. Atef, A. Piatek, Z. Ali, M. Piatek, M. Aouida, A. Sharakuu, A. Mahjoub, G. 
Wang, S. Khan, N. V. Fedoroff, J.-K. Zhu, and M. M. Mahfouz, 2013, 
Characterization and DNA-Binding Specificities of Ralstonia TAL-Like Effectors: 
Molecular Plant, v. 6, p. 1318-1330. 
Lin, J. Y., M. Mazarei, N. Zhao, C. N. Hatcher, W. A. Wuddineh, M. Rudis, T. J. 
Tschaplinski, V. R. Pantalone, P. R. Arelli, T. Hewezi, F. Chen, and C. N. Stewart, 
2016, Transgenic soybean overexpressing GmSAMT1 exhibits resistance to 
multiple-HG types of soybean cyst nematode Heterodera glycines: Plant 
Biotechnology Journal, v. 14, p. 2100-2109. 
Liu, J., H. Peng, J. K. Cui, W. K. Huang, L. G. Kong, J. L. Clarke, H. Jian, G. L. Wang, 
and D. L. Peng, 2016, Molecular Characterization of A Novel Effector Expansin-
like Protein from Heterodera avenae that Induces Cell Death in Nicotiana 
benthamiana: Scientific Reports, v. 6. 
Liu, S. M., P. K. Kandoth, N. Lakhssassi, J. W. Kang, V. Colantonio, R. Heinz, G. 
Yeckel, Z. Zhou, S. Bekal, J. Dapprich, B. Rotter, S. Cianzio, M. G. Mitchum, 
and K. Meksem, 2017, The soybean GmSNAP18 gene underlies two types of 
resistance to soybean cyst nematode: Nature Communications, v. 8. 
Liu, S. M., P. K. Kandoth, S. D. Warren, G. Yeckel, R. Heinz, J. Alden, C. L. Yang, A. 
Jamai, T. El-Mellouki, P. S. Juvale, J. Hill, T. J. Baum, S. Cianzio, S. A. Whitham, 
D. Korkin, M. G. Mitchum, and K. Meksem, 2012, A soybean cyst nematode 
resistance gene points to a new mechanism of plant resistance to pathogens: 
Nature, v. 492, p. 256-+. 
	28	
Lu, S. W., S. Y. Chen, J. Y. Wang, H. Yu, D. Chronis, M. G. Mitchum, and X. H. Wang, 
2009, Structural and Functional Diversity of CLAVATA3/ESR (CLE)-Like Genes 
from the Potato Cyst Nematode Globodera rostochiensis: Molecular Plant-
Microbe Interactions, v. 22, p. 1128-1142. 
Maeda, H., and N. Dudareva, 2012, The Shikimate Pathway and Aromatic Amino Acid 
Biosynthesis in Plants: Annual Review of Plant Biology, Vol 63, v. 63, p. 73-105. 
Manosalva, P., M. Manohar, S. H. von Reuss, S. Y. Chen, A. Koch, F. Kaplan, A. Choe, 
R. J. Micikas, X. H. Wang, K. H. Kogel, P. W. Sternberg, V. M. Williamson, F. C. 
Schroeder, and D. F. Klessig, 2015, Conserved nematode signalling molecules 
elicit plant defenses and pathogen resistance: Nature Communications, v. 6. 
Masamune, T., M. Anetai, M. Takasugi, and N. Katsui, 1982, ISOLATION OF A 
NATURAL HATCHING STIMULUS, GLYCINOECLEPIN-A, FOR THE SOYBEAN 
CYST NEMATODE: Nature, v. 297, p. 495-496. 
Matthews, B. F., H. Beard, E. Brewer, S. Kabir, M. H. MacDonald, and R. M. Youssef, 
2014, Arabidopsis genes, AtNPR1, AtTGA2 and AtPR-5, confer partial 
resistance to soybean cyst nematode (Heterodera glycines) when 
overexpressed in transgenic soybean roots: Bmc Plant Biology, v. 14, p. 19. 
Micali, C. O., U. Neumann, D. Grunewald, R. Panstruga, and R. O'Connell, 2011, 
Biogenesis of a specialized plant-fungal interface during host cell internalization 
of Golovinomyces orontii haustoria: Cellular Microbiology, v. 13, p. 210-226. 
Milhausen, M., R. G. Nelson, S. Sather, M. Selkirk, and N. Agabian, 1984, 
IDENTIFICATION OF A SMALL RNA CONTAINING THE TRYPANOSOME 
SPLICED LEADER - A DONOR OF SHARED 5' SEQUENCES OF 
TRYPANOSOMATID MESSENGER-RNAS: Cell, v. 38, p. 721-729. 
Mitchum, M. G., R. S. Hussey, T. J. Baum, X. H. Wang, A. A. Elling, M. Wubben, and E. 
L. Davis, 2013, Nematode effector proteins: an emerging paradigm of 
parasitism: New Phytologist, v. 199, p. 879-894. 
Murphy, W. J., K. P. Watkins, and A. N., 1986, Identification of a novel Y branch 
structure as an intermediate in trypanosome mRNA processing: evidence for 
trans splicing: Cell, v. 47, p. 9. 
	29	
Nelson, D. W., and B. M. Honda, 1985, GENES-CODING FOR 5S RIBOSOMAL-RNA 
OF THE NEMATODE CAENORHABDITIS-ELEGANS: Gene, v. 38, p. 245-251. 
Nissan, G., S. Manulis-Sasson, L. Chalupowicz, D. Teper, A. Yeheskel, M. Pasmanik-
Chor, G. Sessa, and I. Barash, 2012, The Type III Effector HsvG of the Gall-
Forming Pantoea agglomerans Mediates Expression of the Host Gene HSVGT: 
Molecular Plant-Microbe Interactions, v. 25, p. 231-240. 
Nissan, G., S. Manulis-Sasson, D. Weinthal, H. Mor, G. Sessa, and I. Barash, 2006, The 
type III effectors HsvG and HsvB of gall-forming Pantoea agglomerans 
determine host specificity and function as transcriptional activators: Molecular 
Microbiology, v. 61, p. 1118-1131. 
Noon, J. B., T. Hewezi, T. R. Maier, C. Simmons, J. Z. Wei, G. S. Wu, V. Llaca, S. 
Deschamps, E. L. Davis, M. G. Mitchum, R. S. Hussey, and T. J. Baum, 2015, 
Eighteen New Candidate Effectors of the Phytonematode Heterodera glycines 
Produced Specifically in the Secretory Esophageal Gland Cells During 
Parasitism: Phytopathology, v. 105, p. 1362-1372. 
Noon, J. B., M. S. Qi, D. N. Sill, U. Muppirala, S. Eves-van den Akker, T. R. Maier, D. 
Dobbs, M. G. Mitchum, T. Hewezi, and T. J. Baum, 2016, A Plasmodium-like 
virulence effector of the soybean cyst nematode suppresses plant innate 
immunity: New Phytologist, v. 212, p. 444-460. 
Papolu, P. K., N. P. Gantasala, D. Kamaraju, P. Banakar, R. Sreevathsa, and U. Rao, 
2013, Utility of Host Delivered RNAi of Two FMRF Amide Like Peptides, flp-14 
and flp-18, for the Management of Root Knot Nematode, Meloidogyne 
incognita: Plos One, v. 8. 
Parsons, M., R. G. Nelson, K. P. Watkins, and N. Agabian, 1984, TRYPANOSOME 
MESSENGER-RNAS SHARE A COMMON 5' SPLICED LEADER SEQUENCE: 
Cell, v. 38, p. 309-316. 
Patel, N., N. Hamamouch, C. Y. Li, T. Hewezi, R. S. Hussey, T. J. Baum, M. G. 
Mitchum, and E. L. Davis, 2010, A nematode effector protein similar to annexins 
in host plants: Journal of Experimental Botany, v. 61, p. 235-248. 
Patel, N., N. Hamamouch, C. Y. Li, R. Hussey, M. Mitchum, T. Baum, X. H. Wang, and 
E. L. Davis, 2008, Similarity and Functional Analyses of Expressed Parasitism 
	30	
Genes in Heterodera schachtii and Heterodera glycines: Journal of Nematology, 
v. 40, p. 299-310. 
Pogorelko, G., P. S. Juvale, W. B. Rutter, T. Hewezi, R. Hussey, E. L. Davis, M. G. 
Mitchum, and T. J. Baum, 2016, A cyst nematode effector binds to diverse plant 
proteins, increases nematode susceptibility and affects root morphology: 
Molecular Plant Pathology, v. 17, p. 832-844. 
Popeijus, H., H. Overmars, J. Jones, V. Blok, A. Goverse, J. Helder, A. Schots, J. 
Bakker, and G. Smant, 2000, Enzymology - Degradation of plant cell walls by a 
nematode: Nature, v. 406, p. 36-37. 
Pouchkina-Stantcheva, N. N., and A. Tunnacliffe, 2005, Spliced leader RNA-mediated 
trans-splicing in phylum Rotifera: Molecular Biology and Evolution, v. 22, p. 
1482-1489. 
Qin, L., U. Kudla, E. H. A. Roze, A. Goverse, H. Popeijus, J. Nieuwland, H. Overmars, J. 
T. Jones, A. Schots, G. Smant, J. Bakker, and J. Helder, 2004, Plant 
degradation: A nematode expansin acting on plants: Nature, v. 427, p. 30-30. 
Quist, C. W., G. Smant, and J. Helder, 2015, Evolution of Plant Parasitism in the 
Phylum Nematoda: Annual Review of Phytopathology, Vol 53, v. 53, p. 289-310. 
Rajkovic, A., R. E. Davis, J. N. Simonsen, and F. M. Rottman, 1990, A SPLICED 
LEADER IS PRESENT ON A SUBSET OF MESSENGER-RNAS FROM THE 
HUMAN PARASITE SCHISTOSOMA-MANSONI: Proceedings of the National 
Academy of Sciences of the United States of America, v. 87, p. 8879-8883. 
Raposo, G., and W. Stoorvogel, 2013, Extracellular vesicles: Exosomes, microvesicles, 
and friends: Journal of Cell Biology, v. 200, p. 373-383. 
Romer, P., S. Hahn, T. Jordan, T. Strauss, U. Bonas, and T. Lahaye, 2007, Plant 
pathogen recognition mediated by promoter activation of the pepper Bs3 
resistance gene: Science, v. 318, p. 645-648. 
Roy, S. W., 2017, Genomic and Transcriptomic Analysis Reveals Spliced Leader Trans-
Splicing in Cryptomonads: Genome Biology and Evolution, v. 9, p. 468-473. 
	31	
Rutter, B. D., and R. W. Innes, 2017, Extracellular Vesicles Isolated from the Leaf 
Apoplast Carry Stress-Response Proteins: Plant Physiology, v. 173, p. 728-741. 
Rutter, W. B., T. Hewezi, T. R. Maier, M. G. Mitchum, E. L. Davis, R. S. Hussey, and T. 
J. Baum, 2014, Members of the Meloidogyne Avirulence Protein Family Contain 
Multiple Plant Ligand-Like Motifs: Phytopathology, v. 104, p. 879-885. 
Sacco, M. A., K. Koropacka, E. Grenier, M. J. Jaubert, A. Blanchard, A. Goverse, G. 
Smant, and P. Moffett, 2009, The Cyst Nematode SPRYSEC Protein RBP-1 
Elicits Gpa2-and RanGAP2-Dependent Plant Cell Death: Plos Pathogens, v. 5. 
Schulte, L. N., A. Eulalio, H. J. Mollenkopf, R. Reinhardt, and J. Vogel, 2011, Analysis 
of the host microRNA response to Salmonella uncovers the control of major 
cytokines by the let-7 family: Embo Journal, v. 30, p. 1977-1989. 
Sharp, P. A., 1987, Trans splicing: variation on a familiar theme?: Cell, v. 50, p. 2. 
Siddique, S., M. Sobczak, R. Tenhaken, F. M. W. Grundler, and H. Bohlmann, 2012, 
Cell Wall Ingrowths in Nematode Induced Syncytia Require UGD2 and UGD3: 
Plos One, v. 7. 
Sijmons, P. C., F. M. W. Grundler, N. Vonmende, P. R. Burrows, and U. Wyss, 1991, 
ARABIDOPSIS-THALIANA AS A NEW MODEL HOST FOR PLANT-PARASITIC 
NEMATODES: Plant Journal, v. 1, p. 245-254. 
Silverman, J. M., J. Clos, E. Horakova, A. Y. Wang, M. Wiesgigl, I. Kelly, M. A. Lynn, W. 
R. McMaster, L. J. Foster, M. K. Levings, and N. E. Reiner, 2010, Leishmania 
Exosomes Modulate Innate and Adaptive Immune Responses through Effects 
on Monocytes and Dendritic Cells: Journal of Immunology, v. 185, p. 5011-
5022. 
Sindhu, A. S., T. R. Maier, M. G. Mitchum, R. S. Hussey, E. L. Davis, and T. J. Baum, 
2009, Effective and specific in planta RNAi in cyst nematodes: expression 
interference of four parasitism genes reduces parasitic success: Journal of 
Experimental Botany, v. 60, p. 315-324. 
Smant, G., J. Stokkermans, Y. T. Yan, J. M. de Boer, T. J. Baum, X. H. Wang, R. S. 
Hussey, F. J. Gommers, B. Henrissat, E. L. Davis, J. Helder, A. Schots, and J. 
Bakker, 1998, Endogenous cellulases in animals: Isolation of beta-1,4-
	32	
endoglucanase genes from two species of plant-parasitic cyst nematodes: 
Proceedings of the National Academy of Sciences of the United States of 
America, v. 95, p. 4906-4911. 
Spieth, J., G. Brooke, S. Kuersten, K. Lea, and T. Blumenthal, 1993, OPERONS IN C-
ELEGANS - POLYCISTRONIC MESSENGER-RNA PRECURSORS ARE 
PROCESSED BY TRANSSPLICING OF SL2 TO DOWNSTREAM CODING 
REGIONS: Cell, v. 73, p. 521-532. 
Stover, N. A., and R. E. Steele, 2001, Trans-spliced leader addition to mRNAs in a 
cnidarian: Proceedings of the National Academy of Sciences of the United 
States of America, v. 98, p. 5693-5698. 
Streubel, J., C. Pesce, M. Hutin, R. Koebnik, J. Boch, and B. Szurek, 2013, Five 
phylogenetically close rice SWEET genes confer TAL effector-mediated 
susceptibility to Xanthomonas oryzae pv. oryzae: New Phytologist, v. 200, p. 
808-819. 
Szakasits, D., P. Heinen, K. Wieczorek, J. Hofmann, F. Wagner, D. P. Kreil, P. Sykacek, 
F. M. W. Grundler, and H. Bohlmann, 2009, The transcriptome of syncytia 
induced by the cyst nematode Heterodera schachtii in Arabidopsis roots: Plant 
Journal, v. 57, p. 771-784. 
Tang, H., E. Hornstein, M. Stolovich, G. Levy, M. Livingstone, D. Templeton, J. Avruch, 
and O. Meyuhas, 2001, Amino acid-induced translation of TOP mRNAs is fully 
dependent on phosphatidylinositol 3-kinase-mediated signaling, is partially 
inhibited by rapamycin and is independent of S6K1 and rpS6 phosphorylation: 
Molecular and Cellular Biology, v. 21, p. 8671-8683. 
Thoreen, C. C., L. Chantranupong, H. R. Keys, T. Wang, N. S. Gray, and D. M. Sabatini, 
2012, A unifying model for mTORC1-mediated regulation of mRNA translation: 
Nature, v. 485, p. 109-U142. 
Tian, D. S., J. X. Wang, X. Zeng, K. Y. Gu, C. X. Qiu, X. B. Yang, Z. Y. Zhou, M. L. Goh, 
Y. C. Luo, M. Murata-Hori, F. F. White, and Z. C. Yin, 2014, The Rice TAL 
Effector-Dependent Resistance Protein XA10 Triggers Cell Death and Calcium 
Depletion in the Endoplasmic Reticulum: Plant Cell, v. 26, p. 497-515. 
	33	
Torrecilhas, A. C. T., R. R. Tonelli, W. R. Pavanelli, J. S. da Silva, R. I. Schumacher, W. 
de Souza, N. C. E. Silva, I. D. Abrahamsohn, W. Colli, and M. J. M. Alves, 2009, 
Trypanosoma cruzi: parasite shed vesicles increase heart parasitism and 
generate an intense inflammatory response: Microbes and Infection, v. 11, p. 
29-39. 
Trams, E. G., C. J. Lauter, N. Salem, and U. Heine, 1981, EXFOLIATION OF 
MEMBRANE ECTO-ENZYMES IN THE FORM OF MICRO-VESICLES: 
Biochimica Et Biophysica Acta, v. 645, p. 63-70. 
Twu, O., N. de Miguel, G. Lustig, G. C. Stevens, A. A. Vashisht, J. A. Wohlschlegel, and 
P. J. Johnson, 2013, Trichomonas vaginalis Exosomes Deliver Cargo to Host 
Cells and Mediate Host:Parasite Interactions: Plos Pathogens, v. 9. 
Valadi, H., K. Ekstrom, A. Bossios, M. Sjostrand, J. J. Lee, and J. O. Lotvall, 2007, 
Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of 
genetic exchange between cells: Nature Cell Biology, v. 9, p. 654-U72. 
Van der Ploeg, L. H. T., A. Y. C. Liu, P. A. M. Michels, T. De Lange, P. Borst, H. K. 
Majumder, H. Weber, G. H. Veeneman, and J. Van Boom, 1982, RNA splicing is 
required to make the messenger RNA for a variant surface antigen in 
trypanosomes: Nucleic Acid Research, v. 10, p. 14. 
Vandenberghe, A. E., T. H. Meedel, and K. E. M. Hastings, 2001, mRNA 5 '-leader 
trans-splicing in the chordates: Genes & Development, v. 15, p. 294-303. 
Vanholme, B., P. Kast, A. Haegeman, J. Jacob, W. Grunewald, and G. Gheysen, 2009, 
Structural and functional investigation of a secreted chorismate mutase from the 
plant-parasitic nematode Heterodera schachtii in the context of related enzymes 
from diverse origins: Molecular Plant Pathology, v. 10, p. 189-200. 
Vanholme, B., W. Van Thuyne, K. Vanhouteghem, J. De Meutter, B. Cannoot, and G. 
Gheysen, 2007, Molecular characterization and functional importance of pectate 
lyase secreted by the cyst nematode Heterodera schachtii: Molecular Plant 
Pathology, v. 8, p. 267-278. 
Vieira, P., E. G. J. Danchin, C. Neveu, C. Crozat, S. Jaubert, R. S. Hussey, G. Engler, P. 
Abad, J. de Almeida-Engler, P. Castagnone-Sereno, and M. N. Rosso, 2011, 
	34	
The plant apoplasm is an important recipient compartment for nematode 
secreted proteins: Journal of Experimental Botany, v. 62, p. 1241-1253. 
Vlassov, A. V., S. Magdaleno, R. Setterquist, and R. Conrad, 2012, Exosomes: Current 
knowledge of their composition, biological functions, and diagnostic and 
therapeutic potentials: Biochimica Et Biophysica Acta-General Subjects, v. 
1820, p. 940-948. 
Wang, J. Y., C. Lee, A. Replogle, S. Joshi, D. Korkin, R. Hussey, T. J. Baum, E. L. 
Davis, X. H. Wang, and M. G. Mitchum, 2010, Dual roles for the variable domain 
in protein trafficking and host-specific recognition of Heterodera glycines CLE 
effector proteins: New Phytologist, v. 187, p. 1003-1017. 
Wang, J. Y., A. Replogle, R. Hussey, T. Baum, X. H. Wang, E. L. Davis, and M. G. 
Mitchum, 2011, Identification of potential host plant mimics of CLAVATA3/ESR 
(CLE)-like peptides from the plant-parasitic nematode Heterodera schachtii: 
Molecular Plant Pathology, v. 12, p. 177-186. 
Wang, L. F., Z. T. Li, J. Shen, Z. Liu, J. Y. Liang, X. Y. Wu, X. Sun, and Z. D. Wu, 2015, 
Exosome-like vesicles derived by Schistosoma japonicum adult worms 
mediates M1 type immune- activity of macrophage: Parasitology Research, v. 
114, p. 1865-1873. 
Wang, X. H., R. Allen, X. F. Ding, M. Goellner, T. Maier, J. M. de Boer, T. J. Baum, R. S. 
Hussey, and E. L. Davis, 2001, Signal peptide-selection of cDNA cloned directly 
from the esophageal gland cells of the soybean cyst nematode Heterodera 
glycines: Molecular Plant-Microbe Interactions, v. 14, p. 536-544. 
Wang, X. H., D. Meyers, Y. T. Yan, T. Baum, G. Smant, R. Hussey, and E. Davis, 1999, 
In planta localization of a beta-1,4-endoglucanase secreted by Heterodera 
glycines: Molecular Plant-Microbe Interactions, v. 12, p. 64-67. 
Wang, Y. F., W. Peng, X. Zhou, F. Huang, L. Y. Shao, and M. Z. Luo, 2014, The 
putative Agrobacterium transcriptional activator-like virulence protein VirD5 may 
target T-complex to prevent the degradation of coat proteins in the plant cell 
nucleus: New Phytologist, v. 203, p. 1266-1281. 
	35	
Weiberg, A., M. Wang, F. M. Lin, H. W. Zhao, Z. H. Zhang, I. Kaloshian, H. D. Huang, 
and H. L. Jin, 2013, Fungal Small RNAs Suppress Plant Immunity by Hijacking 
Host RNA Interference Pathways: Science, v. 342, p. 118-123. 
White, I. J., L. M. Bailey, M. R. Aghakhani, S. E. Moss, and C. E. Futter, 2006, EGF 
stimulates annexin 1-dependent inward vesiculation in a multivesicular 
endosome subpopulation: Embo Journal, v. 25, p. 1-12. 
Wieczorek, K., B. Golecki, L. Gerdes, P. Heinen, D. Szakasits, D. M. Durachko, D. J. 
Cosgrove, D. P. Kreil, P. S. Puzio, H. Bohlmann, and F. M. W. Grundler, 2006, 
Expansins are involved in the formation of nematode-induced syncytia in roots 
of Arabidopsis thaliana: Plant Journal, v. 48, p. 98-112. 
Wubben, M. J. E., J. Jin, and T. J. Baum, 2008, Cyst nematode parasitism of 
Arabidopsis thaliana is inhibited by salicylic acid (SA) and elicits uncoupled SA-
independent pathogenesis-related gene expression in roots: Molecular Plant-
Microbe Interactions, v. 21, p. 424-432. 
Wyss, U., and F. M. W. Grundler, 1992, FEEDING-BEHAVIOR OF SEDENTARY PLANT 
PARASITIC NEMATODES: Netherlands Journal of Plant Pathology, v. 98, p. 
165-173. 
Xue, B. Y., N. Hamamouch, C. Y. Li, G. Z. Huang, R. S. Hussey, T. J. Baum, and E. L. 
Davis, 2013, The 8D05 Parasitism Gene of Meloidogyne incognita Is Required 
for Successful Infection of Host Roots: Phytopathology, v. 103, p. 175-181. 
Yadav, B. C., K. Veluthambi, and K. Subramaniam, 2006, Host-generated double 
stranded RNA induces RNAi in plant-parasitic nematodes and protects the host 
from infection: Molecular and Biochemical Parasitology, v. 148, p. 219-222. 
Yamada, M., and S. Sawa, 2013, The roles of peptide hormones during plant root 
development: Current Opinion in Plant Biology, v. 16, p. 56-61. 
Yang, B., W. G. Zhu, L. B. Johnson, and F. F. White, 2000, The virulence factor AvrXa7 
of Xanthomonas oryzae pv, oryzae is a type III secretion pathway-dependent 
nuclear-localized double-stranded DNA-binding protein: Proceedings of the 
National Academy of Sciences of the United States of America, v. 97, p. 9807-
9812. 
	36	
Zamanian, M., L. M. Fraser, P. N. Agbedanu, H. Harischandra, A. R. Moorhead, T. A. 
Day, L. C. Bartholomay, and M. J. Kimber, 2015, Release of Small RNA-
containing Exosome-like Vesicles from the Human Filarial Parasite Brugia 
malayi: Plos Neglected Tropical Diseases, v. 9. 
Zhang, H., Y. B. Hou, L. Miranda, D. A. Campbell, N. R. Sturm, T. Gaasterland, and S. 
J. Lin, 2007, Spliced leader RNA trans-splicing in dinoflagellates: Proceedings of 
the National Academy of Sciences of the United States of America, v. 104, p. 
4618-4623. 
Zorio, D. A. R., N. S. N. Cheng, T. Blumenthal, and J. Spieth, 1994, OPERONS AS A 
COMMON FORM OF CHROMOSOMAL ORGANIZATION IN C-ELEGANS: 
Nature, v. 372, p. 270-272. 
 
			
37	
CHAPTER 2. THE GLAND4 EFFECTOR OF THE PLANT-PARASITIC 
NEMATODE HETERODERA SCHACHTII IS A DNA-BINDING 
TRANSCRIPTIONAL REPRESSOR 
 
Modified from a paper published in Molecular plant pathology 
Stacey N. Barnes, Catherine L. Wram, Melissa G. Mitchum, Thomas J. Baum 
 
Abstract 
Cyst nematodes are serious plant pathogens that infect a wide range of 
economically important crops. One parasitic mechanism employed by cyst nematodes 
is the production and in planta delivery of effector proteins to modify plant cells and 
suppress defenses to favor parasitism. This study focused on GLAND4, an effector of 
Heterodera glycines and H. schachtii, the soybean and sugar beet cyst nematodes, 
respectively. We showed that GLAND4 is recognized by the plant cellular machinery 
and is transported to the plant nucleus, an organelle where little is known about plant 
nematode effector functions.  We showed that GLAND4 has DNA-binding ability and 
repressed reporter gene expression in a plant transcriptional assay. One DNA-fragment 
that strongly bound to GLAND4 was localized in an Arabidopsis chromosomal region 
associated with the promoters of two lipid transfer protein (LTP) genes. These LTPs 
have known defense functions and are downregulated in the nematode feeding site. 
When expressed in Arabidopsis, GLAND4 caused downregulation of the two LTP 
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genes in question, which was associated also with increased susceptibility to the 
plant-pathogenic bacterium Pseudomonas syringae. Furthermore, overexpression of 
one of the LTP genes reduced plant susceptibility to H. schachtii and P. syringae, 
confirming that LTP repression likely suppresses plant defenses. This study made 
GLAND4 one of a small subset of characterized plant nematode nuclear effectors and 
identified GLAND4 as the first plant–pathogenic DNA-binding transcriptional repressor 
with a known in vivo target.  
 
Introduction 
Cyst nematodes are sedentary root endoparasites that infect a wide range of 
economically important crops including soybean. The soybean cyst nematode, 
Heterodera glycines, is the number one pathogen of soybean, causing over $1 billion in 
annual yield loss in the U.S (Allen et al., 2017, Koenning & Wrather, 2010). Successful 
cyst nematode infection involves avoiding or suppressing host defenses 
while penetrating into the roots of host plants and establishing a feeding site close to 
the plant vasculature (Endo, 1964). The initial feeding cell is expanded 
through dissolution of the surrounding cell walls to form a multinucleated structure 
referred to as a syncytium (Jones & Northcote, 1972, Jones, 1981). Gene expression 
profiling studies performed on whole roots and microdissected syncytia revealed 
extensive alterations in host gene expression in response to cyst nematode infection 
(Hermsmeier et al., 1998, Hofmann et al., 2010, Ithal et al., 2007, Puthoff et al., 2003, 
Szakasits et al., 2009, Wan et al., 2015). The secretion of effector proteins, defined by 
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their ability to modify host cell structure and function, are key to the breakdown of 
plant tissue for migration and the suppression of plant defenses (Hewezi et al., 2010, 
Hogenhout et al., 2009, Wang et al., 1999). Effectors also play a prominent role in the 
induction of host cell morphological and physiological changes required for syncytium 
formation and maintenance (Hewezi & Baum, 2013, Mitchum et al., 2013). Therefore, 
effectors, directly or indirectly, are responsible for many of the gene expression 
changes observed in the host plant.  However, the molecular mechanisms for 
triggering gene expression changes remain mostly elusive. The majority of known plant 
nematode effectors are synthesized in three specialized secretory cells, a single dorsal 
or two subventral glands, before being secreted through a mouthspear known as the 
stylet (Hussey, 1989, Vieira et al., 2011). Once inside plant tissue, effectors have been 
shown to accumulate in the apoplast as well as in various compartments within the 
plant cell, including the nucleus, where little is currently known about effector 
functionality (Elling et al., 2007, Hewezi et al., 2010, Hewezi et al., 2015, Huang et al., 
2006, Jaouannet et al., 2012, Jones et al., 2009, Lozano-Torres et al., 2012, Vieira et 
al., 2011). 
More than 80 candidate effectors have been identified through isolation and 
sequencing of RNA within the gland cells of H. glycines (Gao et al., 2001, Gao et al., 
2003, Noon et al., 2015, Wang et al., 2001). The sequences have been subjected to 
bioinformatic filtering and verification of transcript accumulation in the gland cells 
to ensure a high likelihood of secretion during parasitism (Noon et al., 
2015). Characterization of a subset of these candidate effectors by identifying effector-
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plant protein interactions has revealed functions relating to cell wall modification, 
antioxidant production, hormone signaling, plant defense suppression and host 
peptide mimicry (Hamamouch et al., 2012, Hewezi et al., 2008, Hewezi et al., 2010, 
Hewezi et al., 2015, Lee et al., 2011, Noon et al., 2016, Patel et al., 2010, Pogorelko et 
al., 2016, Vanholme et al., 2009, Wang et al., 2005). Effectors in other pathogens, most 
notably Xanthomonas spp., are known to interact directly with host DNA to modify host 
gene transcription (Abhilash et al., 2014, de Lange et al., 2013, Li et al., 2013, Nissan et 
al., 2006, Yang et al., 2000). Transcription activator-like effectors (TALEs) in Xanthomas 
spp. can bind directly to the promoter of host genes resulting in increased transcription 
triggered by an activation domain found at the effectors’ C-termini. Altered host 
expression can result in increased virulence or avirulence depending on the host and 
bacterial strain (Bing & White, 2004, Kay et al., 2007, Sugio et al., 2007, Szurek et al., 
2001). The Meloidogyne incognita effector 7H08 is the first documented case of 
transcriptional activation in plant pathogenic nematodes but the target genes and 
mechanism of activation are yet to elucidated (Zhang et al., 2015). Despite the massive 
plant gene expression changes accompanying nematode infections, there are currently 
no peer-reviewed published records of DNA-binding effectors in plant-parasitic 
nematodes. This is in part due to a sparse understanding of plant nuclear-targeted 
nematode effectors. Plant-pathogenic DNA-binding effectors are not limited to gene 
activation, as the Xanthomonas effector XopD binds nonspecifically to DNA and 
actually represses the transcription of reporter genes (Kim et al., 2008). Identification of 
a transcriptionally repressing effector and its in vivo targets would represent a 
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breakthrough discovery in the study of molecular plant–pathogen interactions.   
This study details the functional characterization of GLAND4 as the first DNA-
binding plant pathogenic transcriptional repressor with a known in vivo target. GLAND4 
is a dorsal gland-produced cyst nematode effector, which is recognized and 
transported to the host nucleus. Sequence analysis suggested GLAND4 is a potential 
DNA-binding effector due to similarities with histone-like proteins and known 
transcriptional activators. GLAND4 homologs from H. glycines and the sugar beet cyst 
nematode H. schachtii share 95% amino acid identity. Functional characterization of 
GLAND4 was conducted using H. schachtii, which can successfully parasitize the 
model plant Arabidopsis thaliana (Sijmons et al., 1991). This report shows 
that GLAND4 is a DNA-binding transcriptional repressor of the genes for two A. 
thaliana lipid transfer proteins (LTPs), which belong to a multigene family involved in a 
variety of processes including resistance to biotic and abiotic stressors (Ambrose et al., 
2013, Jung et al., 2003, Liu et al., 2015). LTP overexpression is known to increase 
pathogen resistance (Jung et al., 2005). The downregulation of such genes by GLAND4 
is therefore believed to play a key role in suppressing plant defenses. 
 
Materials and Methods 
In situ hybridization 
Primers designed to the coding sequence of HsGLAND4 were used to generate 
a 200bp amplicon (Supplemental Table S3). The resulting fragment was used as a 
template for unidirectional PCR to produce sense or antisense DIG labeled DNA 
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probes (Roche Life Sciences). The probes were incubated with fixed, permeabilized 
mixed stage nematodes (de Boer et al., 1998, Gao et al., 2001). Probe detection was 
performed using alkaline phosphatase conjugated anti-DIG antibody and substrate. A 
Zeiss Axiovert 100 inverted light microscope was used to visualize the specimens (de 
Boer et al., 1998, Gao et al., 2001). The results are a reflection of consistent findings in 
three independent hybridizations.    
 
Subcellular localization 
HsGLAND4-SP was amplified using the sequence specific primers HsG4_bait_F 
and HgG4_N1_R and HgGLAND4-SP was amplified using HgG4_N1_F and HgG4_N1_R 
(Supplemental Table S3). The PCR products were ligated into the BamHI and EcoRI 
sites of pSAT6-EYFP-N1 (Tzfira et al., 2005) at the N terminus of YFP under the control 
of CaMV35S promoter (35S::HsGLAND4-SP-YFP). The constructs were confirmed using 
Sanger sequencing. Transient expression was performed using ballistic bombardment 
of onion epidermal cells (Bio-Rad) as previously described (Elling et al., 2007). YFP 
fluorescence was observed using a Zeiss Axiovert 100 inverted light microscope after 
the cells had been incubated in the dark at 26°C for 24 hours. This process was 
repeated for three independent experiments.  
 
Genomic SELEX 
Genomic SELEX was performed as previously published (Shostak et al., 2004). 
Briefly, 5ug of Sau3AI (Thermo Fisher Scientific, Waltham, MA, USA) digested A. 
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thaliana genomic DNA was incubated with 2ug of purified recombinant FLAG-
HsGLAND4-SP-HIS tagged protein. The protein was immobilized using 30ul of anti-
FLAG affinity matrix (Sigma). After a series of wash steps the DNA was eluted using 
binding buffer (20mM HEPES at pH 7.9, 8% glycerol, 10mM MgCl2, 10uM Zn 
((C2H3O2)2) containing 1M KCl. The eluted DNA was purified using Qiaquick columns 
(Qiagen), adaptors were ligated for PCR. The DNA was subjected to 3 subsequent 
rounds of selection. After the final 3 rounds an aliquot of the eluted DNA was ligated 
into the NotI site of pBluescriptIIKS+ (Stratagene), transformed into DH5alpha. 
Sequences were obtained using Sanger sequencing.       
 
EMSA 
Double stranded DNA fragments were amplified using sequence specific 
primers (Supplemental Table S3) and Col-0 genomic DNA as a template. The 
fragments were denatured, labeled with biotin using the Pierce Biotin End DNA 
Labeling Kit (Thermo Fisher Scientific) and reannealed. Electrophoretic mobility shift 
assays (EMSA) were conducted using a LightShift Chemiluminescent EMSA 
Kit (Thermo Fisher Scientific). Nineteen pmol of HsGLAND4-SP-HIS or Hs28B03-SP-HIS 
recombinant protein was incubated at room temperature for 20min with 20fmol biotin 
end-labeled double stranded oligonucleotides, 1X binding buffer, 5mM MgCl2, 0.05% 
(w/v) NP-40 and 50ng/ul (dI-dC) non-specific DNA competitor. In competitor reactions, 
4, 6, 8 or 10 pmol of unlabeled oligonucleotides was included. Electrophoresis was 
performed using 6% Novex TBE 1.0mm DNA retardation gels for 90mins at 100V using 
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pre-chilled Novex 0.5X TBE running buffer (Thermo Fisher Scientific). The gel was 
transferred to a positively charged nylon membrane (PerkinElmer, Waltham, MA, USA). 
Biotin-labeled DNA was detected by immersing the membrane in streptavidin-
horseradish peroxidase conjugate and chemiluminescent substrate (Thermo Fisher 
Scientific), followed by exposure to X-ray film (Research Products International, IL, 
USA). Quantification of DNA-protein complexes was measured as the ratio of intensity 
of the shifted band over the total amount loaded as determined using ImageJ Software 
(NIH).   
 
Quantitative real-time RT-PCR 
Total RNA was isolated using miCURY RNA Isolation Kit (Exiqon) according to 
manufacturer’s instructions. The RNA quantity and quality was assessed on a Thermo 
Scientific Nanodrop 2000. One microgram of total RNA was treated with DNase I 
(Thermo Fisher Scientific) and cDNA was synthesized using qScript cDNA SuperMix 
(Quantabio, Beverly, MA, USA). Two-step qRT-PCR was performed on an iCycler iQ 
Real-Time PCR machine with reactions containing 12.5ng of template DNA, 300nM of 
primers and the appropriate amount of iQ SYBR Green Supermix (Bio-Rad). 
Thermocycler program: 95°C for 3min, 40 cycles of 95°C for 15s and 60°C for 30s 
followed by establishment of a dissociation curve using the following program: 95°C for 
1min, 55°C for 10s and a slow ramp from 55°C to 95°C. A. thaliana and H. schachtii 
tissue were normalized using Actin as a reference gene; GenBank AY063089.1 and 
AY443352.1, respectively (Supplemental Table S3). Each qRT-PCR used 3 biological 
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replicates and 4 technical replicates. The expression levels were calculated using the 
2-DDCT method (Livak & Schmittgen, 2001) and statistical differences were 
determined using a t-test in GraphPad Prism 4.     
 
Generation of Transgenic Arabidopsis 
A FLAG tag was added to the N-terminal of HsGLAND4-SP. Fragments for 
genomic insertion were amplified by PCR using gene specific forward and reverse 
primers for HsGLAND4-SP, AT3G22600 and AT3G22620 (Supplemental Table S3). The 
digested fragments were ligated into the binary vector pBI121 and the sequence was 
confirmed using Sanger sequencing. The construct was transformed into 
Agrobacterium tumefaciens strain C58 using the freeze-thaw method. The A. 
tumefaciens was transformed into A. thaliana using the floral dip method as previously 
described (Clough & Bent, 1998). The seeds were screened on Murashige and Skoog 
(MS) medium in the presence of 50mg/L kanamycin to select for transformants. 
Segregation analysis was conducted on T3 seeds to identify stable transgenic lines 
before using them in subsequent assays.        
 
Nematode Infection 
A. thaliana were surface sterilized and plated onto modified Knop’s media. After 
10 days 250 surface-sterilized J2 H. schachtii were inoculated onto the roots of each 
plant as previously described (Baum et al., 2000). Roots for the time course material 
were collected into liquid nitrogen after 4, 7 and 14 days post inoculation from both 
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inoculated and non-inoculated tissue. Seeds for the infection assays were plated into 
12-well Falcon tissue culture plates (BD Biosciences) in a randomized fashion. Females 
were counted after 3 weeks. Statistically significant differences between wild-
type (Col-0) and transgenic lines were determined using GraphPad Prism 4 t-test 
on twenty biological replicates and two independent experiments.  
 
Bacterial Growth Assays 
Pst DC3000 was grown overnight in LB Rif 50 at 30°C 250rpm. The bacteria 
were adjusted to 1.67 x 105 cfu/mL and syringe infiltrated into fully expanded four to 
five-week-old leaves. Leaf discs were harvested, ground and plated onto LB Rif 50 at 2 
hours and 72 hours post inoculation. Raw data for two independent experiments each 
comprised of four biological and three technical replicates was log transformed and 
analyzed using GraphPad Prism 4.    
 
Plant Transcriptional Assays 
To confirm the transcriptional repression of HsGLAND4-SP in plant cells, the 
yeast Gal4BD-UAS system and the bacterial LexA-LexAop binding sequence were 
transferred into individual binary T-vectors as previously shown (Tiwari et al., 2004, 
Zhang et al., 2015). Vector modifications and cloning information are listed in the 
supplemental methods. Plasmids were then inserted into separate Agrobacterium 
tumefaciens cells, strain GV3101 using the freeze-thaw method. A colony from each 
construct was grown overnight and the cells were pelleted and resuspended in 
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sterilized infilitration media at a final optical density of 600nM (OD600) of 0.4. The three 
sets of cells, the reporter and two regulators, were combined in equal parts into one 
culture and syringe infiltrated into the entire leaf of 3 individual 6-8-week-old Nicotiana 
benthamiana plants. The leaves were ground on liquid nitrogen after 48 hours. RNA 
extraction, cDNA and qRT-PCR were performed as stated above. Infiltrated N. 
benthamiana tissue was measured for GFP expression and normalized using 
Hygromycin as a reference gene (GenBank: FJ905225) as it is driven by CaMV 35S in 
all modified constructs (Supplemental Table S3). Three independent experiments were 
conducted and analyzed using GraphPad Prism 4.  
 
Results 
Sequence analysis and transcript localization of GLAND4 orthologs 
The candidate effector GLAND4 was initially discovered after performing 
microaspiration and sequencing of H. glycines esophageal gland cell RNA (Noon et al., 
2015). To gain insight into whether GLAND4 is a feasible candidate for functional 
analysis in the model plant A. thaliana, the GLAND4 sequence was identified in H. 
schachtii cDNA. Unlike H. glycines, H. schachtii successfully infects A. thaliana, 
allowing for more in-depth functional analyses (Gheysen & Fenoll, 2011, Sijmons et al., 
1991). A pairwise sequence alignment of the GLAND4 predicted proteins from H. 
glycines and H. schachtii displayed a 95% identity indicating that GLAND4 is a good 
candidate for functional characterization using A. thaliana (Fig. S1, Appendix A). 
Therefore, all subsequent analyses have utilized H. schachtii GLAND4 unless otherwise 
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stated. 
Since most known nematode effectors are synthesized within the specialized 
secretory gland cells of the nematode, the localization of GLAND4 transcripts within H. 
schachtii was assessed by in-situ hybridization using a labeled probe complementary 
to GLAND4. A strong signal resulting from successful probe hybridization was 
detected in the dorsal gland of H. schachtii revealing an accumulation of 
GLAND4 transcripts within this cell type (Fig. 1A). The dorsal gland localization of 
GLAND4 is consistent with previous findings in H. glycines (Noon et al., 2015).  
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GLAND4 has a 543-nucleotide open reading frame, translating to a predicted 
protein length of 180 amino acids, which contains an N-terminal signal peptide. The 
signal peptide is cleaved as part of the protein trafficking process within the nematode 
and is therefore not included in any subsequent GLAND4 analyses, which is denoted 
by -SP in gene construct names. Not counting the signal peptide, GLAND4 exhibits a 
high percentage of lysine residues at the N-terminus: 36 of the first 86 residues (42%) 
are lysines, suggesting that GLAND4 may form electrostatic interactions with the 
negatively charged DNA backbone. The lysine-rich region is followed by a charge-
neutral linker region and then an acidic C-terminal region (Fig. S1, Appendix A). The 
positioning of acidic and hydrophobic amino acids in the C-terminal domain bares 
resemblance to those found in TALEs and other proteins possessing an acidic 
activation domain (Table S1, Appendix A).  
GLAND4 contains three overlapping predicted bipartite nuclear localization 
signals ranging from amino acids 37-61 and GLAND4 is predicted to accumulate within 
the plant nucleus (PSORTII) (Fig. S1, Appendix A). To test this prediction in planta, the 
GLAND4 H. schachtii and H. glycines coding sequences were placed under the control 
of the cauliflower mosaic virus (CaMV) 35S promoter and fused to the yellow 
fluorescent protein (YFP) coding sequence to create 35S::HsGLAND4-SP-YFP and 
35S::HgGLAND4-SP-YFP. The fusion protein constructs were bombarded into onion 
epidermal cells where GFP signals were localized exclusively in the plant nucleus (Fig. 
1B).  
To gain insight into the potential role of GLAND4, a Blastp search was 
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performed against the NCBI non-redundant database. Aside from hits to 
Heterodera and Globodera, which is another CN genus, the N-terminal region of 
GLAND4, amino acids 36-55, contained a repeat region with similarity to histone 
proteins from a variety of organisms (Table S2, Appendix A). The distribution of 
charges, homology to known transcription factors and nuclear localization in planta 
suggested that GLAND4 has the potential to function as a DNA-binding transcription 
factor-like protein.  
 
GLAND4 increases pathogen susceptibility in A. thaliana 
To determine the role of GLAND4 during infection, three independent 
homozygous A. thaliana T3 lines (3-10, 5-6 and 6-1) constitutively expressing the 
GLAND4 coding sequence were developed to test alterations in pathogen 
susceptibility. GLAND4 expression was verified using qRT-PCR (Fig. S2, Appendix A). 
None of the transgenic lines displayed phenotypic differences or differences in 
susceptibility to H. schachtii as compared to wild-type Columbia-0 (Col-0) (Fig. S3, 
Appendix A). The fact that H. schachtii is already delivering GLAND4 into host plants 
may account for the observation that the additional GLAND4 production in lines 3-10, 
5-6 and 6-1 did not increase susceptibility. However, in order to assess the broader 
role that GLAND4 might play in defense suppression, the same GLAND4-expressing A. 
thaliana lines were infected with the bacterial plant pathogen Pseudomonas syringae 
pv tomato (Pst DC3000), which does not use a GLAND4 effector as part of its normal  
plant infection. Transgenic lines 5-6 and 6-1 displayed an increase in susceptibility 
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relative to Col-0 demonstrating that GLAND4 is able to influence plant susceptibility to 
pathogens (Fig. 2).   
 
 
 
GLAND4 is a DNA-binding protein 
Based on the similarity of GLAND4 to histone proteins, genomic Systematic 
Evolution of Ligands by EXponential enrichment (SELEX) analysis (Shostak et al., 2004) 
was performed to detect possible DNA-binding properties of GLAND4. The procedure 
was carried out using recombinant FLAG-GLAND4-HIS protein and enzymatically 
digested Col-0 genomic DNA. Four rounds of purification and enrichment were 
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performed (Fig. 3A). Aliquots of the eluted DNA from rounds 2, 3 and 4 were cloned 
and transformed into Escherichia coli, and a total of 170 bacterial colonies were 
sequenced, yielding 59 unique DNA fragments (Fig. 3B). The fragments ranged 
between 333 bp and 985 bp in length, with an average length of 655 bp. Of the 20 
unique 
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fragments identified after round 4, 11 were derived from the A. thaliana nuclear 
genome, with the remaining fragments aligning to chloroplast and mitochondrial DNA.  
In an effort to test the hypothesis that GLAND4 functions as a DNA-binding 
transcription factor, attention was focused on two fragments which mapped to nuclear 
regions that were less than 3KB from a transcriptional start site (TSS), subsequently 
referred to as GLAND4 Responsive Elements (G4RE1 and G4RE2). Another noteworthy 
finding was a fragment from SELEX round 3 that corresponded to the coding region of 
growth regulating factor 7 (GRF7). This discovery was also scrutinized further because 
other members of this transcription factor group (GRF1 and GRF3) previously have 
been shown to be key factors in cell reprogramming during H. schachtii infection 
(Hewezi et al., 2012). 
Binding of the G4RE1, G4RE2 and GRF7 fragments to GLAND4 was confirmed 
using an Electrophoretic Mobility Shift Assay (EMSA) (Fig. 3C). Lanes containing 
GLAND4 showed a shifted band due to a decreased mobility of labeled DNA, which is 
indicative of the formation of protein-DNA complexes (Fig. 3C). To ensure that the 
shifted bands indicating protein-DNA binding are specific to GLAND4, reactions using 
the same DNA fragments, G4RE1, G4RE2 and GRF7, were performed using the 
unrelated cytoplasmically-located H. schachtii effector 28B03 in place of GLAND4. 
Lanes containing 28B03 did not display a shift in DNA indicating that binding only 
occurs in the presence of GLAND4 (Fig. 3C).  
The variation in intensity of the shifted bands for lanes 
containing GLAND4 suggests a stronger affinity for G4RE2 than for G4RE1 and GRF7, 
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making G4RE2 the focus of further investigation (Fig. 3C). To further quantify such 
suspected affinity differences, a competitor EMSA was performed with the strongest 
shifted band (G4RE2) and the weakest shifted band (GRF7). An abundance of 
unlabeled G4RE2 or GRF7 was used as a competitor probe in reactions that all 
contained a uniform amount of labeled G4RE2. The HsGLAND4-G4RE2 complex was 
more strongly affected in the presence of G4RE2 competitor (Fig. 3D lane 3 and 4), 
than in the presence of GRF7 (Fig. 3D lane 5), indicating that GLAND4 binds more 
strongly to G4RE2 than to GRF7.  
 
Repression of genes in the region of G4RE2 
G4RE2 is a 122bp fragment that maps in the UTR of AT3G22600 (NM_113159) 
approximately 50nt downstream of the transcriptional start site. G4RE2 is also located 
less than 1KB upstream of the transcriptional start site of AT3G22620 (NM_113160) 
(Fig. 4A). The two genes associated with G4RE2 are part of a large family of lipid 
transfer proteins (LTPs), some of which are known to have altered gene expression in 
response to pathogen infection (Consales et al., 2012, Larroque et al., 2013, Molina & 
Garciaolmedo, 1993, Qutob et al., 2006). The proximity and orientation of the two LTPs 
in relation to G4RE2 suggests that the expression of both genes could be affected by 
the binding of GLAND4 to G4RE2. To test this hypothesis, LTP expression was 
measured in 3-week old GLAND4 transgenic A. thaliana seedlings from the T3 lines 3-
10, 5-6 and 6-1 (Fig. 4B and S4, Appendix A). The expression level of AT3G22630 was 
also quantified as a control gene due to its downstream location and opposite 
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orientation, in relation to G4RE2, which suggests that AT3G22630 is unlikely to be 
affected by the presence of GLAND4 (Fig. 4A). qRT-PCR showed at least a 2-fold 
decrease in the mRNA abundance of AT3G22600 and AT3G22620 in 
GLAND4 expression lines when compared to Col-0 (Fig. 4B). The downregulation of 
both LTP genes observed in this study is supported by previous findings that show the 
downregulation of both genes within the microaspirated contents of the H. schachtii 
feeding site (Szakasits et al., 2009). On the other hand, the expression level of 
AT3G22630 was unaffected in the GLAND4 lines (Fig. 4B). 
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GLAND4 represses expression of a reporter gene in planta 
An in planta transient expression system involving the GFP reporter gene was 
utilized to investigate the transcriptional repression capabilities of GLAND4. In order to 
engineer changes in GFP expression, the bacterial LexA-responsive element 2xLexAop 
and the yeast responsive element 6xGAL4UAS were incorporated upstream of the GFP 
start codon (Fig. 5A).  
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Incorporation of 2xLexAop and 6xGAL4UAS into the promoter region of GFP 
allows for the binding and manipulation of GFP expression using the LexA and GAL4 
DNA-binding domain (GAL4BD). The ability of proteins to regulate GFP expression can 
then be tested through the fusion of experimental coding sequences to either LexA or 
GAL4BD to generate 35S::LexA-regulator or 35S::GAL4BD-regulator (Fig. 5A). The 
basal level of GFP mRNA was established after coinfiltration of the reporter with both 
binding elements in the absence of experimental coding sequences (Fig. 5B). In order 
to confirm GLAND4 as a transcriptional repressor, high levels of GFP were then 
induced using the transactivational domain VP16 from herpes simplex virus fused to 
the GAL4BD. As anticipated, the coinfiltration of the 35S::GAL4BD-VP16 and 
35S::LexA alone resulted in an increase in GFP mRNA (Fig. 5B). To test the role of 
GLAND4 as a transcriptional repressor, the reporter was coinfiltrated with 
35S::GAL4BD-VP16 and 35S::LexA-GLAND4. Consistent with the hypothesis that 
GLAND4 functions as a repressor, the presence of GLAND4 yielded a significant 
reduction in GFP mRNA (Fig. 5B). To ensure that the GFP mRNA reduction was 
observed specifically in the presence of GLAND4 and not just the by-product of any 
protein fused to LexA, a comparably sized portion of the GUS coding sequence was 
fused to LexA as a negative control. As anticipated, co-infiltration of the 35S::LexA-
GUS fusion with 35S::GAL4BD-VP16 displayed similar levels of GFP expression to that 
of the co-infiltration of 35S::LexA with 35S::GAL4BD-VP16 (Fig. 5B). Therefore, the 
specific reduction of GFP mRNA levels in the presence of GLAND4 is consistent with 
the hypothesis that GLAND4 functions as a transcriptional repressor. 
			
58	
LTP downregulation occurs during H. schachtii infection 
To verify that AT3G22600 and AT3G22620 downregulation is a bone fide 
strategy during cyst nematode infection, qRT-PCR was performed on H. schachtii-
inoculated and non-inoculated Col-0 root tissue. The root tissue was harvested at 4, 7 
and 14 days post inoculation (dpi) to represent the gene expression changes incurred 
through the early infection period. AT3G22600 showed a 2-4-fold downregulation 
 
across all time points in H. schachtii-inoculated tissue as compared to mock-
inoculated tissue (Fig. 6A and B). AT3G22620 showed a 2-fold and 1.5-fold reduction 
at 7dpi and 14dpi respectively (Fig. 6A and B). Analysis of GLAND4 mRNA abundance 
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in the inoculated root tissue revealed that GLAND4 expression peaks at the time point 
corresponding to the lowest level of expression for both LTPs (Fig. 6). This correlation 
of expression further supports the role of GLAND4 in the downregulation of LTPs.  
 
 
 
Overexpression of LTPs decreases pathogen susceptibility in A. thaliana 
In an effort to counteract LTP downregulation and explore the importance of the  
LTPs during H. schachtii infection, both LTP genes (AT3G22600 and AT3G22620) were 
individually expressed in A. thaliana under the control of CaMV35S (Fig. S4A and B, 
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Appendix A), which does not contain a known GLAND4-responsive element. The stable 
transgenic lines were challenged separately with H. schachtii and Pst DC3000. Two of 
the three AT3G22600 overexpressing transgenic lines demonstrated a reduction in H. 
schachtii susceptibility (Fig. 7A) and all transgenic lines for both LTPs demonstrated a 
decrease in susceptibility to Pst DC3000 (Fig. 7B).  
 
Discussion 
This study analyzed the functional role of the dorsal gland effector GLAND4 of 
Heterodera cyst nematodes. High similarity between the H. glycines and H. 
schachtii GLAND4 sequences highlighted GLAND4 as a strong candidate for 
characterization using the H. schachtii – A. thaliana model system. The generation of 
transgenic A. thaliana expressing a particular cyst nematode effector has proven useful 
in understanding the effector’s role during the infection process. In some cases, 
ectopic expression of an effector resulted in an increased susceptibility to multiple 
pathogens including H. schachtii, bacteria or a RNA virus, as well as alterations in 
defense marker gene expression (Hewezi et al., 2010, Hewezi et al., 2015, Lee et al., 
2011). In this study, however, no change in susceptibility to H. schachtii was observed 
in transgenic plants expressing GLAND4. When considering that we have determined 
that the function of GLAND4 is to repress genes that play a role in plant defenses, this 
result is not unforeseeable as H. schachtii are likely to already be secreting adequate 
amounts of GLAND4 required for successful infection. The transgenic plants producing 
high levels of GLAND4 do show increased susceptibility to P. syringae, highlighting the 
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impact that GLAND4 expression has on plant defenses in the absence of H. schachtii 
derived GLAND4.  
GLAND4 is one of many pioneer effectors produced by cyst nematodes that 
lack similarity to known proteins, and as such, protein structure and function prediction 
tools cannot provide reliable insight regarding the function of GLAND4 (Gao et al., 
2001, Gao et al., 2003, Noon et al., 2015, Wang et al., 2001). A histone-like repeat 
region within GLAND4 alongside the confirmation of nuclear localization, performed as 
part of this study, provided reason to test the hypothesis that GLAND4 functions as a 
DNA-binding protein. Genomic Systematic Evolution of Ligands by EXponential 
enrichment (SELEX) was used to investigate the potential DNA-binding properties 
of GLAND4, as this methodology has proven successful for a number of DNA-binding 
proteins (Chen et al., 2011, Shostak et al., 2004, Whittle et al., 2009). The resulting 
sequences were initially analyzed for conserved elements that may allow for 
recognition by GLAND4 but this approach was unsuccessful. It is possible that the long 
input sequences caused background noise, thereby lowering the chance of 
finding small conserved motifs. Another possibility is that GLAND4 binds to a number 
of diverse sequences within the genome. One advantage of using genomic DNA 
instead of random short nucleotides is that the resulting sequences can be viewed in 
the context of their position within the organism’s genome. Subsequent analyses 
focused on three A. thaliana genomic regions, two of which were located close to a 
transcriptional start site (TSS) and one that is within the coding sequence for a member 
of the GRF family, which has previously been implicated in nematode infection (Hewezi 
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et al., 2012). The selection of fragments located close to the TSS was, in part, based 
on the discovery that the plant-pathogenic bacteria Xanthomonas spp. secrete 
TALEs, which are known to bind to the promoter region of genes to activate host 
transcription (Kay et al., 2007). Subsequent electrophoretic mobility shift assays were 
able to ascertain that G4RE2 was bound strongly and specifically by GLAND4, making 
G4RE2 the focus of subsequent analyses.  
The role of GLAND4 as the first DNA-binding plant pathogenic transcriptional 
repressor was evident through the use of an in planta transient expression system 
using constructs similar to those used for characterizing the repression domain of 
Aux/IAA proteins (Tiwari et al., 2004). GLAND4 was anchored to the promoter region of 
a reporter gene through fusion to a known DNA-binding protein. There, GLAND4 was 
able to repress reporter gene expression even when the reporter gene was under the 
influence of the strong activator VP16. The targeting and downregulation of host genes 
is a powerful pathogenic strategy as it would imply that GLAND4 is capable of 
counteracting host genes that may otherwise be highly activated as part of the plant 
defense response.  
The two genes closely associated with G4RE2 in A. thaliana, AT3G22600 and 
AT3G22620, belong to a multigene family of lipid transfer proteins (LTPs) that are 
present within a large number of plant species (Liu et al., 2015). LTPs are reported to 
perform a wide variety of functions, the most relevant of which includes defense 
against biotic and abiotic stressors as well as systemic resistance signaling (Ambrose 
et al., 2013, Jung et al., 2003, Maldonado et al., 2002, Sohal et al., 1999). Analysis of 
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LTP promoter regions from oilseed rape, rice and pepper showed an increase in 
activity after viral, fungal and bacterial attack, respectively (Guiderdoni et al., 2002, 
Jung et al., 2005, Sohal et al., 1999). The induction of multiple LTPs, including 
AT3G22600 and AT3G22620 has been observed in response to wounding or pathogen 
attack (Consales et al., 2012, Larroque et al., 2013, Molina & Garciaolmedo, 1993, 
Qutob et al., 2006). AT3G22600 appears to be involved in pathogen-associated 
molecular pattern-triggered immunity because this gene is highly upregulated in 
response to Phytophthora parasitica cellulose-binding elicitor protein and oomycete-
derived Nep1-like proteins (Larroque et al., 2013, Qutob et al., 2006). In the current 
study, AT3G22600 and AT3G22620 were both downregulated in GLAND4-expressing 
A. thaliana, when compared to wild-type Col-0, confirming that GLAND4 acts as 
transcriptional repressor, likely by binding to G4RE2 in vivo. The same two LTPs, which 
are already known to be downregulated within the syncytia, were also found to be 
downregulated in Col-0 root tissue during the course of cyst nematode infection, 
verifying that downregulation of AT3G22600 and AT3G22620 is a bona fide occurrence 
during H. schachtii infection (Szakasits et al., 2009). Furthermore, the findings from the 
reporter gene assay alongside the downregulation of both AT3G22600 and 
AT3G22620 during H. schachtii infection indicate that HsGLAND4 can repress 
transcription by binding either up or downstream of the transcriptional start site. A 
correlation in GLAND4 expression and the expression of AT3G22600 and At3G22620 
was also observed in the Col-0 time-course material, as GLAND4 expression within the 
infecting nematodes peaked when LTP expression was at its lowest. Downregulation 
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of AT3G22620 has previously been documented in response to oral secretions from 
the herbivorous insects Pieris brassicae and Spodoptera littoralis (Consales et al., 
2012). 
To ascertain how important LTP downregulation is during H. schachtii infection, 
the LTP genes in question were individually overexpressed in A. thaliana. Elevated 
AT3G22600 expression reduced H. schachtii susceptibility in two lines that expressed 
the gene around 35-fold higher than Col-0. Overexpression of AT3G22620 did not alter 
H. schachtii susceptibility, indicating that downregulation of AT3G22620 could be a by-
product of targeting AT3G22600. The hypothesis that AT3G22600 is the primary target 
is also supported by previous findings that showed AT3G22600 to be among the top 
25 most downregulated genes within the H. schachtii feeding site (Szakasits et al., 
2009). It is also possible that the AT3G22620 defense mechanism deployed against H. 
schachtii is limited by its dependence on a cofactor that was not increased in these 
transgenic lines. All transgenic lines for both LTPs displayed an enhanced resistance to 
Pst DC3000, which supports previous findings that overexpression of a pepper LTP 
(CALTP1) in A. thaliana enhanced resistance to Pst DC3000 (Jung et al., 2005).  
GLAND4 is the first plant-parasitic nematode effector to join a very small set of 
DNA-binding plant pathogen effectors, which includes effectors from Agrobacterium 
tumefaciens (Wang et al., 2014), Xanthomonas spp. (Kay et al., 2007, Sugio et al., 
2007), Ralstonia solanacearum (de Lange et al., 2013, Li et al., 2013) and Pantoea 
agglomerans (Nissan et al., 2006, Nissan et al., 2012). TALEs secreted by Xanthomonas 
spp. are perhaps the most widely known DNA-binding plant pathogen effectors due to 
			
65	
their ability to function as a tool for genome editing in the broader scientific community 
(Cox et al., 2015, Scott et al., 2014). As mentioned earlier, TALEs are able to bind to the 
promoter region of host genes and activate transcription. Here we describe 
that GLAND4 is capable of binding to DNA and repressing transcription of two genes 
that function in plant defense. This is a unique finding within plant-microbe interactions 
and is, to our knowledge, the only reported example so far of a DNA-binding plant 
pathogen effector with the ability to repress transcription of a known in vivo target.  
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CHAPTER 3. EXOSOMES AND SMALL RNAS: POTENTIAL 
MESSENGERS INVOLVED IN PLANT NEMATODE PARASITISM 
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Abstract 
Plant-parasitic nematodes (PPN) are serious plant pathogens that significantly 
reduce the yield of numerous economically important crops. To date, a large majority 
of molecular PPN research has focused on the identification and understanding of 
proteins, termed effectors, which are secreted by PPN into host plant cells. Recent 
advances in other areas of parasitology have highlighted key roles for parasite-derived 
vesicles referred to as exosomes and the small RNAs contained within exosomes as 
host modifiers during parasitism. This study focused on the identification of exosomes 
in the PPN species H. glycines and M. incognita, as well as extensive H. glycines small 
RNA sequencing. Experimentation using current exosome isolation methods recovered 
the presence of a low quantity of inconsistent exosome-like structures within PPN 
secretions. Low quantity isolation hindered efforts to identify small RNAs within PPN 
secretions leading to the strategy of whole nematode H. glycines small RNA 
sequencing. The identification of H. glycines miRNAs and their subsequent predictions 
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within the host transcriptome G. max has revealed the potential for parasite-derived 
miRNAs as targets for host plant transcripts.  
 
Introduction 
Cell-to-cell communication through direct connections or via the extracellular 
space is an essential process performed by multicellular organisms. One cell 
communication strategy is the release of vesicles including exosomes, ectosomes, 
shedding vesicles and apoptotic blebs (Raposo and Stoorvogel, 2013; Vlassov et al., 
2012). Recently, exosomes have been the most intensely studied of all microvesicles 
(Keller et al., 2006; Vlassov et al., 2012). Current evidence suggests that exosomes are 
formed through inward budding from the membrane of multi vesicular bodies (MVB) to 
generate vesicles inside the lumen of MVBs (Hurley, 2008; White et al., 2006). Upon 
fusion of the MVBs with the plasma membrane, the internal 40-100nm vesicles are 
released as exosomes into the extracellular space (Pant et al., 2012; Raposo et al., 
1996; Raposo and Stoorvogel, 2013).  Due to the formation of exosomes through 
inward budding of the MVB, exosomal contents contain components of their 
cytoplasm of origin including proteins, RNA and DNA (Trams et al., 1981; Valadi et al., 
2007). 
In recent years, a number of parasites including various protozoa, fungi and 
helminths have been shown to release exosomes during parasitism (Buck et al., 2014; 
Gehrmann et al., 2011; Twu et al., 2013; Wang et al., 2015; Zamanian et al., 2015). 
Parasite-driven exosome release plays a prominent role in host immune manipulation 
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as exosomes released by the helminths Leishmania donovani and Trypanosoma cruzi 
cause alterations in host defensive proteins to enhance infection (Coakley et al., 2015; 
Murray et al., 2002; Silverman et al., 2010; Torrecilhas et al., 2009). Also, the animal-
parasitic nematode Heligmosomoides polygyrus represses host defensive molecules 
through the release of exosomes causing the suppression of immunity in host cells 
(Buck et al., 2014).  
Sequencing the nucleic acid contents of parasitic nematode exosomes from H. 
polygyrus and Brugia malayi revealed the presence of mature miRNAs with homology 
to host miRNAs (Buck et al., 2014; Zamanian et al., 2015). Similarly, nematode miRNAs 
from Dirofilaria immitis and Onchocerca volvulus were identified in the serum of their 
hosts demonstrating that exosomes and small RNA release are widespread 
mechanisms within Nematoda (Tritten et al., 2014). It is currently unknown whether the 
release of exosomes or small RNAs is utilized during plant-parasitic nematode (PPN) 
infection. In the case of other plant pathogens, naturally occurring cross-kingdom RNAi 
that uses host machinery is known to occur between the fungal plant pathogen Botrytis 
cinerea in both tomato and Arabidopsis (Weiberg et al., 2013).  
 PPN infection causes billions of dollars in yield losses every year through the 
redirection of nutrients away from the growth and development of their hosts. The 
sedentary nature of cyst nematodes (CN) (Heterodera spp. and Globodera spp.), and 
root-knot nematodes (RKN) (Meloidogyne spp.), requires that they form an intricate 
relationship with their plant hosts, while finding ways to suppress or circumvent the 
plant defense system. To date, the characterization of host-PPN interactions has 
focused largely on the study of stylet-secreted effector proteins and their ability to 
	 77	
trigger reprogramming of host cells (Davis et al., 2008; Hewezi and Baum, 2013; 
Mitchum et al., 2013; Quentin et al., 2013). A large majority of effectors in both CN and 
RKN are localized within specialized esophageal gland cells; two subventral and one 
dorsal.  Exploration into exosome trafficking and small RNA delivery from PPN gland 
cells will create a clearer picture of how feeding sites are formed and maintained during 
infection.  
 Previous studies have identified effector proteins by using chemical stimulants 
to induce esophageal gland cell secretions from PPN (Bellafiore et al., 2008; Davis et 
al., 1994; Goverse et al., 1994; Jaubert et al., 2002; McClure and Vonmende, 1987). In 
this study, similar induction methods were used to examine the secretions of H. 
glycines and M. incognita for the presence of exosomes. Whole nematode small RNA 
libraries of H. glycines were also generated in an effort to identify PPN-derived miRNAs 
with the potential to target host transcripts.  
 
Materials and Methods 
Secretion Induction 
H. glycines and M. incognita were retrieved from hatch chambers and washed 3 
times in MES-buffered water. M. incognita were treated with 0.4% resorcinol (McClure 
and Vonmende, 1987). H. glycines were treated with a varying concentration of 
Quipazine maleate salt: 0.1mg/ml, 0.25mg/ml, 0.5mg/ml or 1mg/ml. Both species were 
incubated for 4 hours at room temperature. Visualization of secretions was carried out 
by adding 0.01% aqueous Coomassie Brilliant Blue G-250 to a small aliquot of 
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nematodes at the same time as the inducing chemical. Secretions were visualized 
using a Zeiss Axiovert 100 inverted light microscope.  
 
Exosome Isolation 
Freshly collected secretions were filtered using a 0.22μm syringe. Initially, 
exosomes were isolated using ExoQuick (System Biosciences) according to 
manufacturer’s instructions and resuspended in 30μl of H2O. Later, the exosomes were 
isolated as described in (Rani et al., 2011). Briefly, the filtrate was centrifuged at 
2,000xg at 4°C for 30mins to remove debris. The supernatant was transferred and the 
exosomes were pelleted by ultracentrifugation at 110,000xg at 4°C for 2 hours using a 
SW28 rotor (Beckman Coulter). The exosomes were washed with PBS and 
ultracentrifuged at 110,000xg at 4°C for 70 min and resuspended in 50μl of PBS.  
 
Electron Microscopy 
Freshly isolated exosome samples were placed onto mesh carbon film copper 
grids and contrasted with 2% uranyl acetate. Once the grid was dried a JEOL 200kV 
JEN 2100 transmission electron microscope (Japan Electron Optics Laboratory, 
Peabody, MA) was used to image the samples.  
 
RNA Isolation and Analysis 
Total RNA was isolated from purified exosomes or liquid nitrogen-ground 
nematode tissue using the Biofluids miCURY RNA Isolation Kit (Exiqon) according to 
manufacturer’s instructions. The RNA quality and size distribution was assessed using 
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a Small RNA chip on an Agilent 2100 Bioanalyzer (Agilent Technologies) at the Iowa 
State University DNA facility.  
 
Small RNA libraries tissue collection, construction and sequencing 
H. glycines TN19 and PA3 were propagated on the susceptible Glycines max 
cultivar Williams 82 at Iowa State University. Nematode tissue was collected from each 
population in triplicate for the life stages egg, preparasitic J2, parasitic J2, J3, J4 and 
adult, using standard nematological methods (de Boer et al., 1999). The tissue was 
ground on liquid nitrogen. After RNA extraction, as listed above, 250ng of high quality 
total RNA from each sample was used as starting material in the NEBNext Multiplex 
Small RNA Library Prep Set for Illumina (New England Biolabs). Size selection for the 
miRNA peak ≈140bp was performed using a Novex 6% DNA gel (Thermo Scientific, 
Waltham, MA, USA) and SYBR Gold Nucleic Acid Gel Stain (Life Technologies). 
Sequencing was carried out by the DNA facility at Iowa State University using a 
HiSeq2500 (Illumina) on 50-cycle rapid run mode.  
 
Small RNA Library Analysis 
The raw reads were trimmed using Trimmomatic (Bolger et al., 2014). H. 
glycines miRNA predictions were performed on the trimmed reads using miRDeep2 
(Friedlander et al., 2012) and H. glycines genome version 1 (V1) as generated by the 
ISU SCN Genome Group. Host target transcripts were predicted for all putative H. 
glycines miRNAs with an average ≤ 10 reads for any life stage in at least one nematode 
population. miRNA target predictions were performed using psRNAtarget with the 
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following parameters: maximum expectation ≤ 3.0; G. max (soybean), unigene, DFCI 
Gene Index (GMGI, version 16). 
 
Results 
Secretion induction of H. glycines using chemical stimulants 
H. glycines secretions were stimulated using varying concentrations of the 
serotonin receptor agonist Quipazine maleate salt. In H. glycines samples incubated 
with 0.25mg/ml of Quipazine maleate salt, 40-50% of nematodes showed head 
probing and stylet thrusting and had visible stylet secretions (Fig. 1A & 2). In samples 
containing only Coomassie blue, minimal head probing and stylet thrusting was 
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observed along with little to no visibly stained secretions (Fig. 1B & 2). The lowest 
concentration tested (0.1mg/ml), resulted in a low rate of head probing, stylet thrusting 
and reduced visibility of stylet secretions as compared to the 0.25mg/ml sample (Fig. 
2). In higher Quipazine maleate salt concentrations (>0.25mg/ml), the head probing and 
stylet thrusting rates were comparable to the 0.25mg/ml sample (Fig. 2). However, it 
was also observed that exposure to higher levels of Quipazine maleate salt resulted in 
sporadic nematode movements in approximately 25%, potentially suggesting a high 
level of stress. Deviation from normal nematode movements suggests that the 
chemical had a large degree of off-target effects when present in high doses.  
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Purification of Exosomes and RNA from M. incognita and H. glycines secretions 
Induced and uninduced secretions from M. incognita and H. glycines were 
filtered alongside a nematode-free control and a cell serum sample containing 
exosomes. ExoQuick was used to purify exosomes from all of the filtered samples. As 
expected, microscopic analysis of the cell serum sample contained a large volume of 
exosomes (Fig. 3C). Surprisingly, both the induced and uninduced M. incognita and H. 
glycines secretions did not yield a high volume of exosomes (Fig. 3A and 3B). There 
was some evidence of exosome-like structures within the M. incognita secretions in a 
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far lower volume than that observed in the positive control (Fig. 3E-H). In order to test if 
the lack of exosome-like structures was due to the method utilized, an identical set of 
M. incognita and H. glycines secretions, along with their relevant controls, were 
processed using the ultracentrifugation method. Consistent with the ExoQuick method, 
ultracentrifugation also produced a far lower volume of exosome-like structures in 
nematode samples as compared to the positive cell serum (data not shown).  
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 RNA isolation was attempted on M. incognita samples, which were purified 
using the ExoQuick method. There was no detectable RNA in the induced or 
uninduced M. incognita samples or the negative control (Fig. 4A, 4B and 4D). A 
heterogeneous population of RNA starting at 16nt was observed in the cell serum 
sample (Fig. 4C).  
 
H. glycines small RNA Libraries 
The strategies used thus far in this study have focused on trying to isolate 
exosomes and small RNAs after secretion from the nematode. As a different approach, 
small RNA libraries were generated using whole nematode tissue from two different 
populations, TN19 (Hg type 1-7) and PA3 (Hg type 0), to identify miRNAs with the 
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potential to target host genes. Nematode tissue was collected at six different time 
points to reflect the small RNA populations during the egg, preparasitic J2 (migration 
outside the root tissue), parasitic J2 (migration through the root tissue and feeding site 
establishment), J3, J4 and adult life stages.  
After application of miRDeep2, using the H. glycines genome as a reference, a 
total of twenty-one miRNAs were predicted, ten of which have reads in all life stages of 
both populations (Fig. 5). Alignment of the twenty-one predicted miRNAs yielded a 
total of nineteen unique miRNAs, indicating that two of the predicted miRNAs mapped 
to two different locations within the H. glycines genome (Fig. 6).  
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In order to predict host targets in Glycines max, the nineteen unique putative H. 
glycines miRNAs, were used as input sequences for psRNAtarget against the G. max 
transcriptome. psRNAtarget identified a total of 200 host targets, when using a less 
conservative Expectation score (E ≤ 3.0), with each putative miRNA having at least one 
predicted host target (Table 1). To prioritize candidates for future functional 
 
 
characterization a more conservative E ≤ 2.0, was applied to the dataset, reducing the 
number to fifteen predicted G. max targets and seven H. glycines putative miRNAs 
(Table 2). 
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Discussion 
A collection of nineteen previously published exosomal proteomic studies from 
various cell types highlighted a conserved set of exosomal proteins (Mathivanan et al., 
2010). The conserved set included heat shock proteins, actin, enolase and protein 
disulfide isomerase all of which were found in the top ten most abundant peptides 
secreted by M. incognita (Bellafiore et al., 2008; Mathivanan et al., 2010). Here we used 
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a similar induction method to analyze M. incognita secretions for the presence of 
exosomes. The secretions of another sedentary PPN, H. glycines, were also induced 
and collected using a novel serotonin receptor agonist Quipazine Maleate Salt. This 
novel chemical displays similar rates of head probing and secretion induction to those 
published using DMT, a chemical that has since been discontinued (Goverse et al., 
1994).  
 Exosome isolation of induced PPN secretions revealed the presence of a small 
number of structures with a similar size and shape to previously identified pathogen-
derived exosomes (Twu et al., 2013; Zamanian et al., 2015). These vesicles were not 
present in the uninduced and nematode free samples, suggesting that they are part of 
the PPN secretions. The low volume of vesicles observed in the induced PPN samples 
was not due to technical error in the exosome isolation step as the cell serum displays 
a large volume of exosomes. It should be noted that the cell serum contained millions 
of cells prior to exosome isolation while the PPN secretions were collected from 
around 1 million nematodes. It is possible that the amount of nematode starting 
material is inadequate for exosome detection using these methods. Increasing the 
amount of nematode material poses a significant challenge as only 1 in 10 PPN will 
hatch using current lab techniques and only half of these are likely to produce 
secretions using chemical induction.  
 Sedentary endoparasitic PPN have six life stages and their infection involves 
two distinct phases; migration inside the root tissue and initiation of a permanent 
feeding structure (Goverse and Smant, 2014). The identification of a low volume of 
exosomes from the freshly hatched PPN tested in this study could suggest that PPN 
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do not secrete exosomes during migration towards the root tissue. It is already known 
that PPN infection is a dynamic process as proteins secreted by PPN, referred to as 
effectors, display differing expression profiles across life stages (Hewezi et al., 2010; 
Xie et al., 2016). Differences in the abundance and appearance of exosome-like 
vesicles between the larval and adult stages of the human filarial nematode B. malayi 
also support the idea that all nematode stages may not use exosomes (Zamanian et 
al., 2015). In the case of PPN, exosomes may only be utilized in the establishment of a 
more intimate relationship with specific cells during feeding site initiation. To test if 
exosomes are crucial for feeding site initiation, exosome purification would have to be 
performed on the later stages of PPN, which can only be harvested from root tissue. 
Separation of PPN from host root tissue would have technical challenges as far as 
collecting adequate amounts of material.  
 The discovery of twenty-one putative H. glycines miRNAs, followed by 
subsequent prediction of their transcript targets within the host transcriptome G. max 
has revealed the potential for PPN-derived miRNAs to directly alter transcript levels 
within the host plant. After applying a conservative cutoff of E ≤ 2.0 to the transcript 
target predictions, there were fifteen high priority candidates for future functional 
characterization. It is interesting to note that two of the PPN-derived miRNAs are each 
predicted to target four host transcripts. This would suggest that H. glycines is capable 
of secreting a small set of miRNAs to simultaneously target a large number of host 
transcripts. Another interesting finding is the commonalities between perceived 
functions of the predicted host transcript targets and previously identified PPN-
infection strategies. For instance, one of the putative G. max transcript targets is most 
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similar to tonoplast intrinsic aquaporin 4-1 (TIP4-1). Aquaporins are differentially 
regulated within nematode feeding sites and the M. incognita effector Mi8D05 has 
been shown to physically interact with a TIP (Klink et al., 2005; Opperman et al., 1994; 
Xue et al., 2013). Future functional confirmation of H. glycines miRNAs within host cells 
will represent a significant breakthrough in our understanding of how PPN are able to 
induce such extensive alterations in host gene expression.  
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CHAPTER 4. HETERODERA GLYCINES UTILIZES HYPERVARIABLE 
SPLICED LEADERS TO PROMISCUOUSLY SL TRANS-SPLICE A 
LARGE PORTION OF TRANSCRIPTS 
 
Modified from a manuscript to be submitted for publication to the journal RNA 
Stacey N. Barnes, Rick E. Masonbrink, Thomas R. Maier, Anoop S. Sindhu,  
Andrew J. Severin, Thomas J. Baum 
 
Abstract 
Spliced leader trans-splicing (SLTS) is a prevalent mechanism involved in the 
maturation of pre-mRNAs that is found across multiple phyla, but is particularly 
prevalent in Nematoda. The role of spliced leaders (SL) within the cell is unclear and an 
accurate assessment of SL occurrence within an organism is possible only after 
extensive sequencing data are available, which is not currently the case for many 
nematode species. SL discovery is further compromised by an absence of SL 
sequences from high-throughput sequencing due to incomplete sequencing of the 5’ 
ends of transcripts, known as 5’ bias, during RNA-seq library preparation. Existing 
datasets and novel methodology were used to identify both conserved SLs and unique 
H. glycines hypervariable SLs.  Twenty-one SL sequences were found in H. glycines on 
>2,000 transcripts, nearly half of which were trans-spliced to multiple SLs. Mapping of 
the SL trans-spliced transcripts to the H. glycines genome indicated several large 
clusters of SL trans-spliced genes, and functional analysis of the SL trans-spliced 
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transcripts shows involvement in a wide range of biological processes, including 
‘Embryo development ending or egg hatching’ and ‘Nematode larval development’. 
The discovery of such a large and partially unique set of SLs within H. glycines and 
their involvement in key biological processes suggests that SLs play a key role in H. 
glycines gene expression. 
 
Introduction 
Pre-mRNA splicing is a vital mechanism associated with the expression and 
regulation of eukaryotic genes. The most widely deployed splicing mechanism is cis-
splicing, which enables the removal of intron sequences from within a single mRNA 
molecule. Trans-splicing is less widespread and results in the fusion of RNA molecules 
that are transcribed from different genomic loci. The most prevalent form of trans-
splicing involves the addition of a short nucleotide spliced leader (SL) sequence to the 
5’ end of mRNA transcripts, referred to as spliced leader trans-splicing (SLTS). SLTS 
has evolved independently in a diverse set of phyla including: Nematoda, 
Platyhelminthes, Trypanosoma, Cnidaria, Rotifera, Chordata, Arthropoda and 
Dinoflagellata (Douris et al., 2010; Ganot et al., 2004; Krause and Hirsh, 1987; 
Pouchkina-Stantcheva and Tunnacliffe, 2005; Rajkovic et al., 1990; Stover and Steele, 
2001; Vandenberghe et al., 2001; Zhang et al., 2007).  
SLs originate from SL RNA genes, which are comprised of two parts divided by 
a donor splice site: the 5’ exon-like SL region and a 3’ intron-like region (Bruzik et al., 
1988; Hannon et al., 1992; Sharp, 1987). The SL RNA maintains a conserved 
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secondary structure comprised of hairpins and a single-stranded Sm binding site (5’-
purine-AU4-6G-purine-3) to ensure that the SL RNA can interact with proteins that are 
required for SLTS (Krause and Hirsh, 1987; Riedel et al., 1987; Thomas et al., 1990).  
It is evident that SLTS plays a role in resolving polycistonic mRNAs in 
Caenorhabditis elegans, acting as a prerequisite for subsequent translation (Spieth et 
al., 1993). In C. elegans, approximately 70% of transcripts are trans-spliced to one of 
two 22nt SLs: SL1 and SL2 (Allen et al., 2011; Huang and Hirsh, 1989; Krause and 
Hirsh, 1987; Zorio et al., 1994). However, operon resolution is not the sole function of 
SLTS in C. elegans as only 17% of C. elegans transcripts originate from operons (Allen 
et al., 2011). Some hypotheses suggest that SLTS is involved in various forms of 
translational regulation including replacement of deleterious sequences in the 5’-
untranslated region, addition of translational motifs from within the SL sequence, or the 
replacement of a transcript’s 5’-monomethylated cap with a hypermodified 5’-cap 
structure (Danks et al., 2015; Hastings, 2005; Lall et al., 2004; Maroney et al., 1995).  
All nematode species studied to date show some evidence of utilizing SL1, SL2, 
or close variants, with the exception of Trichinella spiralis which uses its own non-
canonical spliced leaders (Cotton et al., 2014; Goyal et al., 2005; Harrison et al., 2010; 
Mitreva et al., 2004; Nilsen et al., 1989; Pettitt et al., 2008; Ray et al., 1994; Takacs et 
al., 1988). Interestingly, sequence analysis of the potato cyst nematode Globodera 
rostochiensis and G. pallida, identified multiple hypervariable SL sequences in addition 
to SL1 and SL2 (Bers, 2008; Cotton et al., 2014). The diversity of SL sequences found 
in Globodera spp. and the dearth of information regarding their functionality in the cell 
highlights the need to expand nematode genomic and transcriptomic investigations to 
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elucidate the role of SLs in nematode functionality, viability and parasitism. The 
genome and multi-stage transcriptome of the soybean cyst nematode, H. glycines, 
have recently been made available, making H. glycines a strong candidate for SL 
analysis. SL1 has previously been identified in H. glycines genomic contigs (Fosu-
Nyarko et al., 2016) and the SL1 sequence has been used to successfully generate H. 
glycines cDNA libraries (LIBEST_005577). H. glycines is also a closely related species 
to Globodera spp. meaning that it is highly likely to contain SLs.  
This study utilized the H. glycines genome and transcriptome to extensively 
characterize SLs and their usage in H. glycines. Variations in the 5’-end of a previously 
sequenced H. glycines transcript led to the initial discovery of a novel SL. Through 
subsequent bioinformatics approaches utilizing both H. glycines genomic and 
transcriptomic data, this report shows that H. glycines possesses unique hypervariable 
SLs on a large number of transcripts. Functional analysis of the SL trans-spliced 
transcripts revealed involvement in a variety of biological processes.  
 
Materials and Methods 
Identification and structure prediction of HgSL3 RNA 
The spliced leader-containing transcript MH119144 and its 22nt spliced leader 
sequence were queried against the completed and annotated H. glycines genome 
Version 1 (V1) with BLASTn (E-value 1.0E-3). The sequences which aligned to the first 
22nt of MH119144 and the 98 nucleotides 3’ of each hit were extracted using 
Samtools. Secondary structure was predicted using RNAfold V2.1.9 with unpaired 
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bases participating in at most one dangling end.  
 
DNA extraction and amplification 
To confirm the functionality of putative SL on transcript MH119144 OP50 H. 
glycines nematodes were propagated on Williams 82 soybean in the greenhouse. To 
isolate mixed-stage nematodes, root tissue was macerated with a blender, sieved and 
separated with a sucrose gradient (de Boer et al., 1996). The nematodes were ground 
in liquid nitrogen and total RNA was extracted using a RNeasy Mini Kit (Qiagen). One 
μg of total RNA was treated with DNase I (Thermo Fisher Scientific) and cDNA was 
synthesized using qScript cDNA SuperMix (Quantabio, Beverly, MA, USA). Genomic 
DNA was also extracted from ground nematode tissue using QIAamp DNA Mini Kit 
(Qiagen). RT-PCR was performed on a Bio-Rad S1000TM thermal cycler with reactions 
containing 1X PCR buffer, 1.5mM MgCl2, 0.2mM dNTP, and 1 unit of Taq DNA 
Polymerase (ThermoFisher Scientific). Thermocycler conditions were: 94°C for 3min, 35 
cycles of 95°C for 45s, 55°C for 30s and 72°C for 1min, followed by 10min at 72°C.   
 
Genome-wide SL assessment 
All Globodera rostochiensis SLs (Cotton et al., 2014) and all SL 
sequences present in the C. elegans genome assembly WBcel235 (PRJNA13758) were 
used as queries in BLASTn searches against the H. glycines genome V1 (E-value 1.0E-
3). The genomic sequences including the 98 nucleotides 3’ of all exact matches were 
extracted with Samtools. All extracted sequences were analyzed for a downstream Sm 
motif (5’-purine-AU4-6G-purine-3’) (Thomas et al., 1988).  
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A H. glycines spliced leader RNA gene was queried against the H. glycines 
genome (E-value 1.0E-3; ≥80nt alignment length) with BLASTn. Sm motif searches and 
RNA folding predictions were performed as described earlier.   
 
Identification of SL trans-spliced transcripts 
The newly discovered H. glycines SLs and all other SLs that were queried 
against the H. glycines genome were used as query sequences for transcript 
analysis. The dust parameter was applied to all SL BLASTn queries to the H. 
glycines NCBI EST database and H. glycines trinity transcriptome V1. BLAST hits were 
filtered to contain results in the forward orientation, within the first thirteen nucleotides 
of the transcript, and with an alignment length minimum of ten. ESTs were mapped to 
trinity transcripts with GMAP to consolidate all sequence comparisons into Trinity 
transcripts.  
 
Read Analysis 
SLs were truncated from the 5’ end, leaving only eleven nucleotides at the 3’ 
end. The truncated SLs were queried with BLASTn without dust against the paired-end 
reads that were used to generate the H. glycines trinity transcriptome V1. The subject 
start position for all read hits was extracted and graphed using GraphPad Prism 4. 
High stringency was added to the BLAST output by applying the same filter described 
earlier: ($10 > $9 && $9 < 13 && $4>10) or ($9 > $10 && $9 > 88 && $4>10). Filtered 
reads were subsequently queried with BLASTn (E-value etc) against the H. glycines 
Trinity transcriptome V1. 
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Spliced Leader Transcript Clustering 
Trinity transcripts were mapped to the genome using Gmap with default 
parameters.  Bedtools intersect identified exonic-overlap with transcripts and genes.  
Genes were clustered by location using custom bash scripts. 
 
Functional Analysis  
Functional annotation was performed using Blast2go version 4.1. All sequences 
were searched against the NCBI non-redundant protein database using Blastx with an 
E-value cutoff of 1.0E-5. Interpro scan was preformed using all default selected 
applications. The sequences were annotated using an annotation cutoff of 55 and a 
GO weight of 5. GO enrichment for trans-spliced genes was performed using 
Ontologizer with the published functional gff for the H. glycines genome.   
 
Trans-splicing in Effector and Repetitive Genes 
Bedtools intersect and custom bash scripts were used to identify trans-spliced 
repetitive genes from a published Repeatmodeler (Quinlan and Hall, 2010).  Effector 
genes were mapped to the genome using Gmap and bedtools and custom bash 
scripts were used to identify effectors subject to trans-splicing. 
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Results 
Discovery of a novel spliced leader in H. glycines 
While analyzing available H. glycines transcriptome data, two transcripts 
(AY160225 & MH119144) were identified as chorismate mutase, a gene that is involved 
in parasitism in multiple plant-parasitic nematodes (Bekal et al., 2003; Doyle and 
Lambert, 2003; Gao et al., 2003; Jones et al., 2003; Lambert et al., 1999; Vanholme et 
al., 2009). AY160225 was initially cloned and sequenced after amplification using a SL1 
forward primer and a gene-specific reverse primer located in a well-conserved region 
(Bekal et al., 2003). MH119144 was amplified using SMARTer technologies to 
sequence the complete 5’ end. Sequence alignment of SL1 and the 5’ end of 
MH119144 revealed that the two 5’ ends were divergent. Alignment of the 5’ end of 
MH119144 to the well-documented C. elegans SL1 sequence led to the hypothesis 
that the MH119144 transcript has a novel SL sequence (Fig. 1A). 
To further investigate the putative MH119144 SL sequence, the entire transcript 
was queried against the H. glycines genome with BLASTn. All but the first fifteen 
nucleotides of MH119144 mapped to scaffold_282, supporting the presence of a novel 
SL (Table S1, Appendix B). The putative twenty-two nucleotide SL at the 5’ end of 
MH119144 had four exact hits in the H. glycines genome all of which mapped within a 
2.5Kb region on scaffold_362 (Table S2, Appendix B). In order for a SL to be functional, 
transcription must create a distinct non-coding hairpin SL RNA structure with a single-
stranded Sm motif (Krause and Hirsh, 1987; Riedel et al., 1987; Thomas et al., 1990). 
To identify the presence of these features, the ninety-eight nucleotides downstream of 
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the four SL hits was extracted. Alignment of the four sequences showed 99% similarity 
to each other and the typical secondary structure of functional SL RNAs (Fig. 1B & S1, 
Appendix B). 
 
 
 
The functionality of the putative SL was tested further using RT-PCR to search for the 
putative SL chorismate mutase sequence in H. glycines gDNA and cDNA (Fig. 1C). 
Using the putative SL sequence as a forward primer and a gene-specific reverse 
primer, a visible band was produced when using a cDNA template, but not gDNA (Fig. 
1C). Genic structure predictions performed on chorismate mutase indicate that the 
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absence of a band within the gDNA reaction is not due to the SL primer being located 
on intron/exon border. Furthermore, a control PCR amplification with cDNA and gDNA 
templates was performed using a gene-specific primer pair to verify the presence of 
the chorismate mutase gene in both DNA samples (Fig. 1C). Collectively, mapping of 
the putative SL and the remainder of the transcript to separate locations within the 
genome, the similarity of the putative SL RNA sequence to known SL RNAs and the 
absence of a SL chorismate mutase PCR product when using gDNA all support the 
functionality of the SL, which will therefore be referred to as Heterodera glycines 
spliced leader 3 (HgSL3).  
 
The H. glycines genome contains multiple novel SL sequences  
To investigate the existence of previously identified SL sequences in H. glycines, 
all known C. elegans and Globodera spp. SLs were mapped to the H. glycines genome.  
SL1 mapped to 180 loci in the H. glycines genome, twenty-two sequences of which 
were located within close proximity to the essential Sm motif (Table S3, Appendix B) 
(Riedel et al., 1987). However, while Globodera spp. SL1b mapped to the genome, it 
lacked a proximal Sm motif. All other Globodera spp. SLs were absent from the 
genome (Table S3, Appendix B). 
The reduced conservation of existing SLs within the H. glycines genome 
suggests that H. glycines may possess a unique set of novel SLs alongside SL1 and 
HgSL3. BLAST was used to search for novel SL genes in the H. glycines genome, 
using the HgSL3 RNA gene as a query (Table S4, Appendix B). A total of sixty-nine 
sequences were identified that also contained Sm-binding sites. After analyzing their 
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secondary structures, twenty sequences folded to include a single-stranded Sm-
binding site flanked by hairpins, including four copies of the HgSL3 RNA gene (Table 
S4, Appendix B). Alignment of the first twenty-two nucleotides of the putative HgSL 
RNA sequences yielded the HgSL3 sequence and ten putative HgSLs, subsequently 
numbered HgSL4-13 (Fig. 2). 
 
SL sequences from H. glycines, C. elegans and G. rostochiensis are 
promiscuously present on H. glycines transcripts 
To assess SL usage, H. glycines transcripts were analyzed for the presence of 
SLs at their 5’ ends. In order to keep the analyses inclusive, all C. elegans and 
Globodera spp. SLs were utilized alongside the novel H. glycines SLs, irrespective of 
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whether the SLRNA was identified in the H. glycines genome. To carry out the 
transcript analysis, the SLs were first truncated to contain only the last (3’) 11nt, 
yielding a total of twenty-six distinct SL queries (7 from C. elegans, 5 from H. glycines, 
and 14 from Globodera spp.). The use of truncated SLs has previously been utilized in 
G. pallida when searching for SL-containing reads, as a low availability of 5’ ends has 
previously been hypothesized as a limitation to SL identification (Cotton et al., 2014; 
Pettitt et al., 2008). 
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The 11nt truncated SL sequences were utilized in a three-part blast analysis using 
different databases to identify SL trans-spliced transcripts. The truncated SL 
sequences were first used as BLAST queries to ESTs, secondly to a H. glycines Trinity 
transcriptome, and finally to illumina reads that were then mapped to transcripts. In the 
final case, the novel read-to-transcript approach can circumvent the issue of 
assembled transcripts lacking a complete 5’ end, which is a common artifact of library 
preparation (Lahens et al., 2014). BLAST searches to ESTs and transcripts yielded 187 
and 2,076 unique SL trans-spliced transcripts, respectively (Table 1). A small number 
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of the 2,076 transcripts received more than one SL sequence, bringing the total to 
2,215 SL-transcript combinations (Table 1 & Fig. 3). Finally, the read-to-transcript 
approach identified 85,876 of ~11.4 million reads that had a terminal SL, the legitimacy 
of which is supported by SL BLAST hits preferentially locating to the 5’ read ends (Fig. 
4). The reads that possessed a terminal SL were subsequently mapped to the  
 
 
 
Trinity transcripts using BLAST to identify 1,635 unique SL trans-spliced transcripts. 
Again, a portion of the transcripts received more than one SL, resulting in 6,350 SL-
transcript combinations (Table 1 & Fig. 3). Collectively, these analyses resulted in 2,532 
unique SL trans-spliced transcripts and 21 functional SLs (Table 1 & Fig. 3). 
Interestingly, when combining all three analyses, 45.5% of the 2,532 SL trans-spliced 
	 109	
transcripts were spliced to two or more SLs with 6.8% of transcripts being trans-
spliced by five or more different SLs (Fig. 5).  
 
 
 
Genomic features of genes that possess spliced leaders 
To identify genomic features that may be associated with SL trans-spliced 
transcripts, the transcripts were mapped to the H. glycines genome using Gmap. 
Exonic overlap between H. glycines genes and SL trans-spliced transcripts accounted 
for ~1/3 of the genes in the genome (12,060/29,959). To assess the positioning of SL 
trans-spliced genes within the H. glycines genome, the genome was partitioned into 
50kb stretches. Analysis of the 50kb genomic segments showed that SL trans-spliced 
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genes were dispersed throughout the genome. However, clustering of SL trans-spliced 
genes was also evident, as forty of the 50kb stretches showed fourteen or more 
consecutively arranged SL trans-spliced genes (Table S5, Appendix B).  
 
Functional analysis of SL trans-spliced transcripts reveals involvement in a 
variety of biological processes 
In order to gain functional insight into the role of SL trans-splicing in H. glycines, 
the SL trans-spliced transcripts were annotated with Blast2go (Conesa et al., 2005). 
Over half (52%) of the annotated transcripts were involved in metabolic and 
developmental processes (Fig. 6), with the top two biological processes involved in  
‘Embryo development ending or egg hatching’ and ‘Nematode larval development’ 
(Fig. S2, Appendix B). A complementary GO enrichment analysis was performed on the 
corresponding genomic genes, revealing a similar profile of functions involved in 
metabolic processes (Table S6, Appendix B).  
It is interesting to note that of the 12,060 SL trans-spliced genes in the genome, 
~1/4 (3,218) were associated with a genomic repeat suggesting that repetitive 
elements may also be subject to SLTS.  Nine repeats comprised 22% of the 3,218 
repeat-associated trans-spliced transcripts, with the most abundant repeat being an 
unknown element comprising 6.7% of the total. A LINE/CR1 retrotransposon was the 
most abundant annotated SLTS repetitive transcript at 4.3% of the total, suggesting 
that transposon-derived transcripts are also subject to SL trans-splicing (Table S7, 
Appendix B).  
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 To gain insight into how spliced leaders could be involved in parasitism, we 
searched for exon-exon overlap between SL trans-spliced transcripts and effector 
genes in the genome. Effector genes produce proteins that are secreted by H. glycines 
throughout parasitism to play a major role in altering host cell structure and function 
(Reviewed by Davis et al., 2008; Hewezi and Baum, 2013; Juvale and Baum, 2018; 
Mitchum et al., 2013). Genes encoding SL trans-spliced transcripts overlapped with 
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twenty-nine of 121 effector genes in the genome. Eight of the twenty-eight multiple-
copy effector genes in the genome have SL trans-spliced transcripts (Table S8, 
Appendix B). However, there appears to be no correlation between gene copy number 
and SL trans-splicing as 5 of 5 genes are trans-spliced for the effector 11A06, while 0 
of 5 genes are trans-spliced for the effectors 4D06 and 32E03. 
 
Discussion 
This study identified and characterized SLs and their usage within the plant-
parasitic nematode H. glycines. The recent availability of both the H. glycines genome 
and transcriptome has provided a great opportunity to extensively characterize SL use 
and function in a parasitic nematode.   
This study was prompted by the discovery of HgSL3 at the 5’ end of a 
chorismate mutase cDNA, leading to the identification of a unique set of hypervariable 
HgSLs. Large sets of novel hypervariable SLs have previously been discovered in the 
plant-parasitic nematode Globodera rostochiensis and the animal-parasitic nematode 
Trichinella spiralis (Cotton et al., 2014; Pettitt et al., 2008). Interestingly, despite the 
high volume of SLs that have been discovered in these three species, genomic data 
suggests a low interspecies conservation of SLs. Given the parasitic nature of all three 
species, as well as the perceived link between SLs and translational regulation, it is 
possible that large hypervariation of SLs is a response to parasitism of different hosts. 
This study investigated a possible link between SLs and known parasitic molecules, 
referred to as effectors, but no correlations were found. Effector discovery in H. 
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glycines is still ongoing so it is possible that a connection between SL trans-splicing 
and effectors may be uncovered in the future (Juvale and Baum, 2018).  
To identify H. glycines SL trans-spliced transcripts, the SLs were first truncated 
before being queried using BLAST against H. glycines sequences. The use of truncated 
SLs was previously utilized in G. pallida (Cotton et al., 2014). Before using truncated 
SLs in H. glycines, we first verified that this approach was necessary by using the full 
length SLs as query sequences against the H. glycines ESTs and Trinity transcriptome. 
Only 15 sequences, none of which were SL1, were identified across both databases 
when using full length SLs (data not shown). The absence of full length SL1 within the 
H. glycines databases supports the hypothesis that there is a lack of 5’ ends within the 
H. glycines datasets, as SL1 is documented to be a highly utilized SL in other 
nematodes within the H. glycines clade (Cotton et al., 2014; Mitreva et al., 2004). This 
study further illustrated the lack of complete 5’ ends within the H. glycines 
transcriptome by showing that the truncated SLs were predominantly located at the 
first nucleotide of the raw reads. This means that the first 11nt of the mature transcript, 
which contained the full length SL, are often underrepresented in the raw reads. To 
further complicate transcriptome assembly in SLTS organisms, this study revealed that 
45.5% of SL trans-spliced transcripts receive more than 1 SL. The promiscuous nature 
of SLs on otherwise identical transcripts may cause high ambiguity in the assembly 
step, resulting in 5’ truncation of the transcript or assembly of a transcript that reflects 
only the most highly expressed SL-transcript version while discarding lower expressed 
SL-transcripts.  
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Analysis of the available H. glycines ESTs, Trinity transcriptome and raw reads 
used in this study concluded that HgSL3 is the most prevalent SL in H. glycines, with 
30.9% of the SL trans-spliced transcripts being trans-spliced by HgSL3. The 
predominant use of a non-SL1 sequence in H. glycines contrasts with findings in C. 
elegans and Ascaris suum, as well as G. pallida where SL1 and SL1 variants were 
identified on >90% of the SL-containing G. pallida reads (Cotton et al., 2014).  
C. elegans operon genes, which are resolved into monocistronic transcripts 
using SL trans-splicing, are upregulated during recovery from growth-arrested states 
(Spieth et al., 1993; Zaslaver et al., 2011). Operon arrangement is believed to be 
advantageous in C. elegans during times of limited resources as there are less 
promoters competing for transcriptional resources (Zaslaver et al., 2011). In the case of 
H. glycines, SL trans-spliced transcripts were found to be involved in ‘Embryo 
development ending or egg hatching’ and ‘Nematode larval development,’ suggesting 
that SL trans-splicing may also play a role in initiating developmental changes in H. 
glycines. Operon arrangement has not yet been defined in H. glycines, however the 
clustering of SL trans-spliced transcripts in the genome suggests the presence of 
operon-like structures.   
In summary, H. glycines possesses a unique set of hypervariable SLs, which, 
alongside some previously known SLs, are promiscuously trans-spliced to the 5’ end 
of many H. glycines transcripts. A robust identification of SLs was possible through 
novel methodology and the availability of H. glycines genome and transcriptome 
sequences. As more data become available for H. glycines and other parasitic and 
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non-parasitic nematodes, the functional significance of SLTS may become more 
apparent and potentially lead to novel control measures.  
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CHAPTER 5. GENERAL CONCLUSIONS 
 
 Throughout this dissertation it is clearly described that Heterodera glycines 
parasitism involves a highly complex and intimate relationship between the nematodes 
and their host plants, which involves a significant alteration to many host processes. 
The mechanisms driving such dramatic alterations in the host are currently under 
investigation and aim to provide novel ways in which the host can be manipulated to 
favor crop resistance.  
One key mechanism that has been linked to successful plant-parasitic 
nematodes (PPN) infection is the secretion of proteinaceous effectors by H. glycines 
into various host subcellular compartments. In the last twenty years much progress has 
been made relating to the identification of effector proteins. Subsequent in depth 
functional characterization of a subset of effector proteins has helped to uncover key 
host processes that are targeted by H. glycines including the breakdown of cell walls, 
hormone manipulation and suppression of defenses. Interestingly simultaneous 
effector identification and functional characterization within other PPN species is 
uncovering both commonalities and unique infection strategies deployed by PPN.  
To date, there has been little research performed pertaining to how effectors 
function once inside the host plant nucleus. This knowledge gap provided adequate 
motivation for an in-depth functional analysis of the host-nuclear localized effector 
GLAND4, listed in chapter two. The study identified that GLAND4, once inside the plant 
nucleus, is the first plant-parasitic nematode (PPN) effector that is capable of binding 
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to host DNA. The host DNA region bound by GLAND4 is flanked by two lipid transfer 
protein (LTP) genes, both of which are downregulated in the presence of the effector. 
Downregulation of the LTPs added further novelty to the study by recognizing GLAND4 
as the first plant-pathogenic DNA-binding repressor with a known in vivo host target. 
The two LTPs were already known to be differently regulated in response to various 
pathogens, a finding that was further corroborated during the course of this GLAND4 
study. The involvement of these particular LTPs in multiple plant-pathogen interactions 
makes protection of LTP expression levels and host targeting of GLAND4 attractive 
solutions for enhanced host resistance in the future.  
The knowledge that multiple plant pathogens often utilize similar infection 
mechanisms, such as DNA-binding, to promote successful host infection provided a 
basis by which to search PPN secretions for exosomes and small RNAs. The secretion 
of exosomes and small RNAs is a well-documented strategy in many pathogens 
including multiple animal-parasitic nematodes. Exosome isolation performed on PPN 
secretions yielded a low number of inconsistent vesicular structures of similar size and 
shape to those previously documented in animal-parasitic nematodes. The recovery of 
such structures within PPN secretions provides a solid groundwork for future studies 
that may see an increased yield with the inclusion of more life stages and optimized 
protocols for minute quantities of starting material.  
Investigations into the use of exosomes as a bone fide parasitic strategy would 
also be greatly enhanced by microscopic visualization of PPN during their infection 
stages. Many of the existing PPN microscopy images, which enhanced our 
understanding of the anatomical features of PPN, are now several decades old, during 
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which time there have been many advances in both the preparation of tissue and tissue 
imaging. Observations at the time acknowledged that structures within the gland cells, 
where it is hypothesized that the parasitic exosomes are derived from, differed in 
appearance but the fixation methods were not optimized for the analysis of 
subpopulations with the gland cells.  
The low quantity of exosome recovery proved problematic with regards to 
subsequent isolation of secreted small RNAs. Instead, through the isolation of small 
RNAs from all life stages of two different H. glycines populations it was 
bioinformatically predicted that H. glycines express miRNAs that are capable of 
targeting host transcripts. Observing the functions of predicted host transcript targets 
of H. glycines miRNAs has revealed potential overlap with pathways that have 
previously been identified as targets for modification by PPN through the secretion of 
effector proteins. This suggests that H. glycines, and likely other PPN, can ensure 
robust targeting of host pathways by using both post-transcriptional and post-
translational targeting strategies. Future studies to biologically confirm these 
predictions will open up a new avenue of research into plant-nematode interactions.  
Based on the results in chapter three of this dissertation, small RNA sequencing 
of the two different nematode populations, one virulent and one avirulent both grown 
on susceptible plants, yielded high uniformity in identified miRNAs between the two 
populations. Assessing the expression of a subset of these miRNAs across a multitude 
of nematode populations will help to determine how influential miRNA secretion is in 
determining parasitic success. Conducting similar large scale small RNA sequencing 
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analyses using both susceptible and resistant plants will also shed light on the 
influence that miRNA secretion plays in parasitism.  
In recent decades, the development and constant improvement of high-
throughput sequencing technologies has created a greater availability of genomic and 
transcriptomic data for a wide array of organisms, including H. glycines. The spliced 
leader (SL) project, described in chapter four of this dissertation, utilized the new H. 
glycines sequence data to enhance our understanding of gene regulation and signaling 
within H. glycines. Unique methodology was applied to the genome and transcriptome 
to discover novel hypervariable H. glycines-specific SLs and one of the largest SL 
trans-spliced transcript populations known in Nematoda. Analysis of the SL trans-
spliced transcripts revealed that the majority of transcripts were trans-spliced to either 
SL1, which is widely conserved within the nematode phylum, or HSL3, which is novel 
to H. glycines. Interestingly, the SLs also demonstrated high promiscuity, meaning that 
a particular transcript was often trans-sliced by multiple different SLs. The high volume 
of SL trans-spliced transcripts, the apparent effort to diversify SL sequences and the 
promiscuity of SLs all suggest that SL trans-splicing is a necessary mechanism 
involved in H. glycines signaling. A greater breadth of SL studies in nematodes from 
numerous clades within the phylum will help to assess the importance of SL trans-
splicing for nematode viability. Studies that can encompass both parasitic and non-
parasitic species may uncover differences in SL signaling, which may ultimately lead to 
a novel resistance mechanism that can simultaneously interfere with a large number of 
H. glycines transcripts. 
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In summary, the work performed as part of this dissertation has helped to 
enhance proteinaceous effector characterization, which, while still early, is thus far the 
most explored of all PPN infection strategies. This dissertation also explored the 
possibility of new parasitic mechanisms in the form of secreted exosomes and small 
RNAs, in an effort to open up new avenues of research. Finally, this dissertation has 
provided a good example of how high-throughput sequencing has allowed for the 
exploration of new biological questions relating to PPN signaling.  
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S3 Table.  Primer list 
 
 
In Situ Hybridization 
2B01_CDS_F  5’-ATAAAAATGCGTGCCGTTCTCTTCCTGG-3’ 
2B01_CDS_R 5’-TTAGTTGATCTCCGGCTGTTCTTCCTCA-3’ 
HsG4_ISH_F 5’-ACTGAACCGTCCAGTGCTCAAGTTGTAG-3’ 
HsG4_ISH_R 5’-TAGTTGATCTCCGGCTGTTCTTCCTCAG-3’ 
 
Subcellular localization 
HsG4_bait_F 5’-gcgc gaattc AAAGCAGTGAAAAAGGACGGCAAAA-3’ 
HgG4_N1_F 5’-gcgc gaattc AAAGCAGTGAAGAAGGAGGGTAAAA-3’ 
HgG4_N1_R 5’-atat ggatcc AGTTGATCTCCGGCTGTTCTTCCTCA-3’ 
 
EMSA 
G4RE1_F 5’-TGTGTTTTTCACAACGGCCAA-3’ 
G4RE1_R 5’-CCAAGTAGTTGGTAGTTTCGCAG-3’ 
G4RE2_F 5’-CGACACCTGTTATTGGTCAAGT-3’ 
G4RE2_R 5’-GTGACGGTCTAGGCTTTGGT-3’ 
GRF7_F 5’-GTGTCCGACGAAAGTAGCCA-3’ 
GRF7_R 5’-AGGCACAAGATTGAAGAAAGGC-3’ 
 
Quantitative real-time RT-PCR 
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Atactin_For 5’-AGTGGTCGTACAACCGGTATTGT-3’ 
Atactin_Rev 5’-GAGGATAGCATGTGGAACTGAGAA-3’  
HsActin_F 5’-AAGGCCAACAGAGAAAAGATGAC-3’ 
HsActin_R 5’-TTCATCAGGTAGTCAGTGAGGTC-3’ 
 
Generation of Transgenic Arabidopsis 
HsG4_ChIP_FLAG_F 5’-ACAAGGACGATGACGATAAGAAAGCAGTGAAAAAGGACGG-
3’ 
HsG4_ChIP_OX_F 5’-gcatGGATCCatgGACTACAAGGACGATGACGATAAGAA-3’ 
HsG4_OX_R 5’-gtatGAGCTCttaGTTGATCTCCGGCTGTTCTTCCTCA-3’ 
At3G22600_OX_BamHI_F 5’-gcgGGATCCATGAAAATGGAAATGGGTTTAG-3’ 
At3G22600_OX_SacI_R 5’-ttgGAGCTCTCAGAAGATTGCCATGTAGGA-3’ 
At3G22620_OX_XbaI_F 5’-gtgTCTAGAATGTCGAAGATTATTTCCCTTG-3’ 
At3G22620_OX_SacI_R 5’-gttGAGCTCTCAGTAGAATTTGAGAGCTACG-3’ 
At3G22620_OX_ApaI_MF 5’-ataGGGCCCCAACATCAGACGACGGAGGAA-3’ 
At3G22620_OX_ApaI_MR 5’-ataGGGCCCCACCGTCGACGGATGGTGTAA-3’ 
 
Plant Transcriptional Assays 
Gal4DB_F_BamHI 5’-GCGggatccATGAAGCTACTGTCTTCTATCGAACAAGC-3’ 
Gal4_Gene_stopR_SacI 5’-TATgagctcCTAGTTATGCGGCCGCTGCAG-3’ 
LexA_CSac_mut 5’-GCCCCCCCTCAAGCTCGCGAA-3’ 
LexA_F_BamHI 5’-TATggatccATGGTACCGGGCCCCCCCTC-3’ 
LexA_R_EcoRI 5’-TACgaattcCAGCCAGTCGCCGTTGCGAA-3’ 
G4FL_F_EcoRI 5’-GCGgaattcAAAGCAGTGAAAAAGGACGGC-3’ 
G4FL_R_salI 5’-GATgtcgacGTTGATCTCCGGCTGTTCTTC-3’ 
GUS_471_EcoRI_F 5’-cttgaattcGAGACGGACAAAGTCGCCGAA-3’ 
GUS_471_SalI_R 5’-atagtcgacCACGTGATGGTGATGGTGATG-3’ 
VP16AD_mut1 5’-TCAGCCTGGGGGACGAACTCCACTTAGACGG-3’ 
VP16AD_mut2 5’-CCCGACCGATGTCAGCCTGGG-3’ 
VP16AD_F_EcoRI 5’-TCTgaattcTTGTCTACCGCCCCCCCGACCGAT-3’ 
VP16AD_R_SalI 5’-CTAgtcgacCCCACCGTACTCGTCAATTCCAAG-3’ 
Cvect_BamHI_F 5’-tatGGATCCgatgagctcACTAGCGAATTTCCCCGATCGTT-3’ 
Cvect_EcoRI_R 5’-gagGAATTCCGATCTAGTAACATAGATGACACC-3’ 
6xgal-1 
5’AAGAGCTCGGAGTACTGTCCTCCGGAGTACTGTCCTCCGGAGTACTGTCCTCCGG
AGTACTGTCCTCCGGAGTACTGTCCTCCGGCTATACGTCTTC-3’ 
35S-gal -
5’AAGGATCCAGCGTGTCCTCTCCAAATGAAATGAACTTCCTTATATAGAGGAAGGGT
CTTGCGAAGGATAGTGGGAAGACGTATAGCCGGA-3’ 
Pmod_F 5’-ctaGGATCCtagAAGCTTAAGAGCTCGGAGTACTGTCCT-3’ 
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Pmod_R 5’-agaGAATTCCCAATACAACGATCCAGCGTGTCC-3’ 
Pmod_F2 5’-TGGGAATTCATGGGTAAAGGAGAAAACTT-3’ 
GFP_R_SacI 5’-catGAGCTCTCATTTGTATAGTTCATCCATGC-3’ 
LexAop_F 5’-TCGCCTGCCAAAGGGATgtcgacACTGC-3’ 
LexAop_R 5’-CGATGCAACAGCTCCTGGggatccACTGTA-3’ 
GFP_qPCR_F 5’-GGAGAGGGTGAAGGTGATGC-3’ 
GFP_qPCR_R 5’-CATAACCTTCGGGCATGGCA-3’ 
Hyg_qPCR_F 5’-TGGCAAACTGTGATGGACGAC-3’ 
Hyg_qPCR_R 5’-CAATGACCGCTGTTATGCGGC-3’ 
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Supplementary methods 
Plant transcriptional assays – vector modifications and cloning information 
 
HsGLAND4-SP, GUS and VP16 were first amplified using sequence specific primers, 
containing EcoRI and SalI sites respectively and inserted into the pGBKT7 vector. 
Amplification of Gal4BD and Gal4BD+VP16 was performed using Gal4DB_F_BamHI 
and Gal4_Gene_stopR_SacI. To create LexA fusions with HsGLAND4-SP and GUS they 
were amplified from pGBKT7 without the GAL4BD using a gene specific forward primer 
containing an EcoRI site and Gal4_Gene_stopR_SacI. The fragments were digested 
with EcoRI and ligated to a LexA containing EcoRI fragment. The LexA fusion proteins 
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were then inserted into pGBKT7 and amplified using LexA_F_BamHI and 
Gal4_Gene_stopR_SacI (Supplemental Table S3). The Gal4BD and LexA fusion 
proteins were inserted into the pCXSN vector (Chen et al., 2009). Due to a low level of 
transformants when using T/A cloning, the pCXSN vector was modified to allow for 
insertion in between the 35S promoter and polyA using BamHI and SacI. First the 
vector was digested with BamHI to remove the ccdB gene. A sacI site was added by 
PCR using the BamHI ligated vector as a template with Cvect_BamHI_F and 
Cvect_EcoRI_R (Supplemental Table S3). The Gal4BD and LexA fusion proteins along 
with BamHI self-ligated pCXSN vector were digested with BamHI and EcoRI to insert 
the SacI containing fragment.   
 
The UAS-35Smin fragment was generated by PCR using 6xgal-1 and 35S-gal 
oligonucleotides. pCXGFP-P was digested with XcmI and the PCR fragment was 
inserted upstream of GFP. LexAop was added upstream of the UAS-35Smin::GFP 
vector by modifying the altering the BamHI site directly upstream of GFP to 
EcoRI using PCR. The LexAop was amplified from pSH18-34 using LexAop_F and 
LexAop_R and cloned into the SalI and BamHI sites of the modified UAS-35Smin::GFP 
vector (Supplemental Table S3). All constructs and vector modifications were verified 
using sanger sequencing.	
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		 SL1	 scaffold_31	 100	 22	 0	 0	 1	 22	 603428	 603449	 7.11E-05	 43	 N	SL1	 scaffold_31	 100	 22	 0	 0	 1	 22	 518302	 518281	 7.11E-05	 43	 N	SL1	 scaffold_31	 100	 22	 0	 0	 1	 22	 567229	 567208	 7.11E-05	 43	 N	SL1	 scaffold_2	 100	 22	 0	 0	 1	 22	 370794	 370815	 7.11E-05	 43	 N	SL1	 scaffold_2	 100	 22	 0	 0	 1	 22	 385652	 385673	 7.11E-05	 43	 N	SL1	 scaffold_106	 100	 22	 0	 0	 1	 22	 69869	 69890	 7.11E-05	 43	 Y	SL1	 scaffold_106	 100	 22	 0	 0	 1	 22	 268762	 268783	 7.11E-05	 43	 N	SL1	 scaffold_83	 100	 22	 0	 0	 1	 22	 53418	 53439	 7.11E-05	 43	 N	SL1	 scaffold_1	 100	 22	 0	 0	 1	 22	 1201424	 1201445	 7.11E-05	 43	 N	SL1	 scaffold_1	 100	 22	 0	 0	 1	 22	 924538	 924517	 7.11E-05	 43	 N	SL1	 scaffold_1	 100	 22	 0	 0	 1	 22	 1250448	 1250427	 7.11E-05	 43	 N	SL1	 scaffold_290	 100	 22	 0	 0	 1	 22	 61960	 61981	 7.11E-05	 43	 N	SL1	 scaffold_290	 100	 22	 0	 0	 1	 22	 113471	 113450	 7.11E-05	 43	 N	SL1	 scaffold_19	 100	 22	 0	 0	 1	 22	 785802	 785823	 7.11E-05	 43	 N	SL1	 scaffold_19	 100	 22	 0	 0	 1	 22	 271861	 271840	 7.11E-05	 43	 N	SL1	 scaffold_19	 100	 22	 0	 0	 1	 22	 755247	 755226	 7.11E-05	 43	 N	SL1	 scaffold_19	 100	 22	 0	 0	 1	 22	 766705	 766684	 7.11E-05	 43	 N	SL1	 scaffold_306	 100	 22	 0	 0	 1	 22	 64946	 64967	 7.11E-05	 43	 N	SL1	 scaffold_280	 100	 22	 0	 0	 1	 22	 87275	 87296	 7.11E-05	 43	 Y	
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SL1	 scaffold_280	 100	 22	 0	 0	 1	 22	 48874	 48853	 7.11E-05	 43	 N	SL1	 scaffold_218	 100	 22	 0	 0	 1	 22	 128727	 128748	 7.11E-05	 43	 N	SL1	 scaffold_218	 100	 22	 0	 0	 1	 22	 136046	 136067	 7.11E-05	 43	 N	SL1	 scaffold_202	 100	 22	 0	 0	 1	 22	 111132	 111153	 7.11E-05	 43	 N	SL1	 scaffold_194	 100	 22	 0	 0	 1	 22	 87252	 87273	 7.11E-05	 43	 Y	SL1	 scaffold_194	 100	 22	 0	 0	 1	 22	 93153	 93174	 7.11E-05	 43	 Y	SL1	 scaffold_169	 100	 22	 0	 0	 1	 22	 171188	 171209	 7.11E-05	 43	 N	SL1	 scaffold_169	 100	 22	 0	 0	 1	 22	 193101	 193080	 7.11E-05	 43	 N	SL1	 scaffold_164	 100	 22	 0	 0	 1	 22	 148694	 148715	 7.11E-05	 43	 N	SL1	 scaffold_159	 100	 22	 0	 0	 1	 22	 171544	 171565	 7.11E-05	 43	 N	SL1	 scaffold_159	 100	 22	 0	 0	 1	 22	 183156	 183177	 7.11E-05	 43	 N	SL1	 scaffold_159	 100	 22	 0	 0	 1	 22	 154430	 154409	 7.11E-05	 43	 N	SL1	 scaffold_159	 100	 22	 0	 0	 1	 22	 167309	 167288	 7.11E-05	 43	 N	SL1	 scaffold_144	 100	 22	 0	 0	 1	 22	 237215	 237236	 7.11E-05	 43	 N	SL1	 scaffold_274	 100	 22	 0	 0	 1	 22	 14345	 14366	 7.11E-05	 43	 Y	SL1	 scaffold_274	 100	 22	 0	 0	 1	 22	 22214	 22235	 7.11E-05	 43	 Y	SL1	 scaffold_274	 100	 22	 0	 0	 1	 22	 18338	 18317	 7.11E-05	 43	 Y	SL1	 scaffold_200	 100	 22	 0	 0	 1	 22	 147479	 147500	 7.11E-05	 43	 N	SL1	 scaffold_200	 100	 22	 0	 0	 1	 22	 154549	 154570	 7.11E-05	 43	 N	SL1	 scaffold_161	 100	 22	 0	 0	 1	 22	 102873	 102894	 7.11E-05	 43	 N	SL1	 scaffold_161	 100	 22	 0	 0	 1	 22	 86317	 86296	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 45850	 45871	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 81168	 81189	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 10495	 10474	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 22707	 22686	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 34136	 34115	 7.11E-05	 43	 N	SL1	 scaffold_47	 100	 22	 0	 0	 1	 22	 69529	 69508	 7.11E-05	 43	 N	SL1	 scaffold_89	 100	 22	 0	 0	 1	 22	 273092	 273113	 7.11E-05	 43	 N	
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SL1	 scaffold_89	 100	 22	 0	 0	 1	 22	 285705	 285726	 7.11E-05	 43	 N	SL1	 scaffold_89	 100	 22	 0	 0	 1	 22	 298245	 298266	 7.11E-05	 43	 N	SL1	 scaffold_89	 100	 22	 0	 0	 1	 22	 310734	 310713	 7.11E-05	 43	 N	SL1	 scaffold_103	 100	 22	 0	 0	 1	 22	 140281	 140302	 7.11E-05	 43	 N	SL1	 scaffold_103	 100	 22	 0	 0	 1	 22	 141587	 141608	 7.11E-05	 43	 N	SL1	 scaffold_32	 100	 22	 0	 0	 1	 22	 261239	 261260	 7.11E-05	 43	 N	SL1	 scaffold_32	 100	 22	 0	 0	 1	 22	 270547	 270568	 7.11E-05	 43	 N	SL1	 scaffold_10	 100	 22	 0	 0	 1	 22	 622152	 622173	 7.11E-05	 43	 N	SL1	 scaffold_10	 100	 22	 0	 0	 1	 22	 842563	 842584	 7.11E-05	 43	 N	SL1	 scaffold_10	 100	 22	 0	 0	 1	 22	 852964	 852985	 7.11E-05	 43	 N	SL1	 scaffold_10	 100	 22	 0	 0	 1	 22	 618725	 618704	 7.11E-05	 43	 N	SL1	 scaffold_54	 100	 22	 0	 0	 1	 22	 44321	 44342	 7.11E-05	 43	 N	SL1	 scaffold_6	 100	 22	 0	 0	 1	 22	 967409	 967430	 7.11E-05	 43	 N	SL1	 scaffold_6	 100	 22	 0	 0	 1	 22	 971470	 971491	 7.11E-05	 43	 N	SL1	 scaffold_38	 100	 22	 0	 0	 1	 22	 66250	 66271	 7.11E-05	 43	 N	SL1	 scaffold_38	 100	 22	 0	 0	 1	 22	 77360	 77381	 7.11E-05	 43	 N	SL1	 scaffold_55	 100	 22	 0	 0	 1	 22	 416219	 416240	 7.11E-05	 43	 N	SL1	 scaffold_64	 100	 22	 0	 0	 1	 22	 122831	 122852	 7.11E-05	 43	 N	SL1	 scaffold_16	 100	 22	 0	 0	 1	 22	 354047	 354068	 7.11E-05	 43	 N	SL1	 scaffold_16	 100	 22	 0	 0	 1	 22	 375077	 375098	 7.11E-05	 43	 Y	SL1	 scaffold_16	 100	 22	 0	 0	 1	 22	 379391	 379412	 7.11E-05	 43	 Y	SL1	 scaffold_16	 100	 22	 0	 0	 1	 22	 389453	 389432	 7.11E-05	 43	 Y	SL1	 scaffold_72	 100	 22	 0	 0	 1	 22	 313784	 313805	 7.11E-05	 43	 N	SL1	 scaffold_72	 100	 22	 0	 0	 1	 22	 320058	 320079	 7.11E-05	 43	 N	SL1	 scaffold_72	 100	 22	 0	 0	 1	 22	 345396	 345375	 7.11E-05	 43	 N	SL1	 scaffold_72	 100	 22	 0	 0	 1	 22	 351668	 351647	 7.11E-05	 43	 N	SL1	 scaffold_15	 100	 22	 0	 0	 1	 22	 83280	 83301	 7.11E-05	 43	 Y	SL1	 scaffold_15	 100	 22	 0	 0	 1	 22	 452674	 452695	 7.11E-05	 43	 N	
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SL1	 scaffold_15	 100	 22	 0	 0	 1	 22	 877510	 877531	 7.11E-05	 43	 N	SL1	 scaffold_15	 100	 22	 0	 0	 1	 22	 852147	 852126	 7.11E-05	 43	 N	SL1	 scaffold_135	 100	 22	 0	 0	 1	 22	 190695	 190716	 7.11E-05	 43	 N	SL1	 scaffold_509	 100	 22	 0	 0	 1	 22	 10275	 10296	 7.11E-05	 43	 N	SL1	 scaffold_486	 100	 22	 0	 0	 1	 22	 534	 555	 7.11E-05	 43	 N	SL1	 scaffold_486	 100	 22	 0	 0	 1	 22	 59204	 59225	 7.11E-05	 43	 N	SL1	 scaffold_486	 100	 22	 0	 0	 1	 22	 7969	 7948	 7.11E-05	 43	 N	SL1	 scaffold_289	 100	 22	 0	 0	 1	 22	 79177	 79198	 7.11E-05	 43	 N	SL1	 scaffold_289	 100	 22	 0	 0	 1	 22	 27404	 27383	 7.11E-05	 43	 N	SL1	 scaffold_289	 100	 22	 0	 0	 1	 22	 39091	 39070	 7.11E-05	 43	 N	SL1	 scaffold_590	 100	 22	 0	 0	 1	 22	 520	 541	 7.11E-05	 43	 N	SL1	 scaffold_518	 100	 22	 0	 0	 1	 22	 30405	 30426	 7.11E-05	 43	 N	SL1	 scaffold_518	 100	 22	 0	 0	 1	 22	 36690	 36711	 7.11E-05	 43	 N	SL1	 scaffold_493	 100	 22	 0	 0	 1	 22	 46708	 46729	 7.11E-05	 43	 N	SL1	 scaffold_434	 100	 22	 0	 0	 1	 22	 67819	 67840	 7.11E-05	 43	 N	SL1	 scaffold_529	 100	 22	 0	 0	 1	 22	 1028	 1049	 7.11E-05	 43	 N	SL1	 scaffold_405	 100	 22	 0	 0	 1	 22	 1905	 1926	 7.11E-05	 43	 N	SL1	 scaffold_390	 100	 22	 0	 0	 1	 22	 77673	 77694	 7.11E-05	 43	 N	SL1	 scaffold_502	 100	 22	 0	 0	 1	 22	 25294	 25315	 7.11E-05	 43	 N	SL1	 scaffold_502	 100	 22	 0	 0	 1	 22	 36251	 36272	 7.11E-05	 43	 N	SL1	 scaffold_330	 100	 22	 0	 0	 1	 22	 92832	 92853	 7.11E-05	 43	 N	SL1	 scaffold_330	 100	 22	 0	 0	 1	 22	 40507	 40486	 7.11E-05	 43	 N	SL1	 scaffold_330	 100	 22	 0	 0	 1	 22	 47231	 47210	 7.11E-05	 43	 N	SL1	 scaffold_330	 100	 22	 0	 0	 1	 22	 78859	 78838	 7.11E-05	 43	 N	SL1	 scaffold_309	 100	 22	 0	 0	 1	 22	 6168	 6189	 7.11E-05	 43	 N	SL1	 scaffold_265	 100	 22	 0	 0	 1	 22	 29801	 29822	 7.11E-05	 43	 N	SL1	 scaffold_236	 100	 22	 0	 0	 1	 22	 47659	 47680	 7.11E-05	 43	 N	SL1	 scaffold_214	 100	 22	 0	 0	 1	 22	 120874	 120895	 7.11E-05	 43	 N	
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SL1	 scaffold_214	 100	 22	 0	 0	 1	 22	 131186	 131207	 7.11E-05	 43	 N	SL1	 scaffold_156	 100	 22	 0	 0	 1	 22	 104304	 104325	 7.11E-05	 43	 N	SL1	 scaffold_126	 100	 22	 0	 0	 1	 22	 227469	 227490	 7.11E-05	 43	 N	SL1	 scaffold_126	 100	 22	 0	 0	 1	 22	 239379	 239400	 7.11E-05	 43	 N	SL1	 scaffold_109	 100	 22	 0	 0	 1	 22	 203406	 203427	 7.11E-05	 43	 N	SL1	 32syntmer	 100	 22	 0	 0	 1	 22	 152828	 152807	 7.11E-05	 43	 N	SL1	 24syntmer	 100	 22	 0	 0	 1	 22	 177723	 177702	 7.11E-05	 43	 N	SL1	 2syntmer	 100	 22	 0	 0	 1	 22	 845770	 845749	 7.11E-05	 43	 N	SL1	 scaffold_179	 100	 22	 0	 0	 1	 22	 102962	 102941	 7.11E-05	 43	 Y	SL1	 scaffold_163	 100	 22	 0	 0	 1	 22	 66518	 66497	 7.11E-05	 43	 N	SL1	 scaffold_163	 100	 22	 0	 0	 1	 22	 79222	 79201	 7.11E-05	 43	 N	SL1	 scaffold_348	 100	 22	 0	 0	 1	 22	 22818	 22797	 7.11E-05	 43	 N	SL1	 scaffold_235	 100	 22	 0	 0	 1	 22	 85299	 85278	 7.11E-05	 43	 N	SL1	 scaffold_275	 100	 22	 0	 0	 1	 22	 55106	 55085	 7.11E-05	 43	 N	SL1	 scaffold_100	 100	 22	 0	 0	 1	 22	 132217	 132196	 7.11E-05	 43	 N	SL1	 scaffold_132	 100	 22	 0	 0	 1	 22	 82755	 82734	 7.11E-05	 43	 N	SL1	 scaffold_132	 100	 22	 0	 0	 1	 22	 88722	 88701	 7.11E-05	 43	 N	SL1	 scaffold_132	 100	 22	 0	 0	 1	 22	 104653	 104632	 7.11E-05	 43	 N	SL1	 scaffold_132	 100	 22	 0	 0	 1	 22	 119832	 119811	 7.11E-05	 43	 N	SL1	 scaffold_132	 100	 22	 0	 0	 1	 22	 167176	 167155	 7.11E-05	 43	 N	SL1	 scaffold_65	 100	 22	 0	 0	 1	 22	 368758	 368737	 7.11E-05	 43	 N	SL1	 scaffold_56	 100	 22	 0	 0	 1	 22	 163921	 163900	 7.11E-05	 43	 N	SL1	 scaffold_27	 100	 22	 0	 0	 1	 22	 114427	 114406	 7.11E-05	 43	 N	SL1	 scaffold_27	 100	 22	 0	 0	 1	 22	 316144	 316123	 7.11E-05	 43	 N	SL1	 scaffold_48	 100	 22	 0	 0	 1	 22	 227774	 227753	 7.11E-05	 43	 N	SL1	 scaffold_91	 100	 22	 0	 0	 1	 22	 50242	 50221	 7.11E-05	 43	 N	SL1	 scaffold_91	 100	 22	 0	 0	 1	 22	 61954	 61933	 7.11E-05	 43	 N	SL1	 scaffold_44	 100	 22	 0	 0	 1	 22	 199385	 199364	 7.11E-05	 43	 N	
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SL1	 scaffold_7	 100	 22	 0	 0	 1	 22	 544329	 544308	 7.11E-05	 43	 N	SL1	 scaffold_7	 100	 22	 0	 0	 1	 22	 551279	 551258	 7.11E-05	 43	 N	SL1	 scaffold_7	 100	 22	 0	 0	 1	 22	 720296	 720275	 7.11E-05	 43	 N	SL1	 scaffold_61	 100	 22	 0	 0	 1	 22	 345545	 345524	 7.11E-05	 43	 N	SL1	 scaffold_4	 100	 22	 0	 0	 1	 22	 1127270	 1127249	 7.11E-05	 43	 N	SL1	 scaffold_111	 100	 22	 0	 0	 1	 22	 68468	 68447	 7.11E-05	 43	 N	SL1	 scaffold_87	 100	 22	 0	 0	 1	 22	 338556	 338535	 7.11E-05	 43	 N	SL1	 scaffold_87	 100	 22	 0	 0	 1	 22	 344828	 344807	 7.11E-05	 43	 N	SL1	 scaffold_92	 100	 22	 0	 0	 1	 22	 73862	 73841	 7.11E-05	 43	 N	SL1	 scaffold_88	 100	 22	 0	 0	 1	 22	 46975	 46954	 7.11E-05	 43	 N	SL1	 scaffold_88	 100	 22	 0	 0	 1	 22	 243493	 243472	 7.11E-05	 43	 N	SL1	 scaffold_538	 100	 22	 0	 0	 1	 22	 27410	 27389	 7.11E-05	 43	 N	SL1	 scaffold_507	 100	 22	 0	 0	 1	 22	 161	 140	 7.11E-05	 43	 N	SL1	 scaffold_399	 100	 22	 0	 0	 1	 22	 350	 329	 7.11E-05	 43	 N	SL1	 scaffold_386	 100	 22	 0	 0	 1	 22	 52445	 52424	 7.11E-05	 43	 N	SL1	 scaffold_294	 100	 22	 0	 0	 1	 22	 30134	 30113	 7.11E-05	 43	 N	SL1	 scaffold_206	 100	 22	 0	 0	 1	 22	 148286	 148265	 7.11E-05	 43	 N	SL1	 scaffold_206	 100	 22	 0	 0	 1	 22	 159684	 159663	 7.11E-05	 43	 N	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 14144	 14123	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 14757	 14736	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 15279	 15258	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 16252	 16231	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 16864	 16843	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 17476	 17455	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 18087	 18066	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 18698	 18677	 7.11E-05	 43	 Y	SL1	 scaffold_699	 100	 22	 0	 0	 1	 22	 19310	 19289	 7.11E-05	 43	 Y	SL1	 scaffold_621	 100	 22	 0	 0	 1	 22	 13247	 13226	 7.11E-05	 43	 N	
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SL1	 scaffold_508	 100	 22	 0	 0	 1	 22	 3165	 3144	 7.11E-05	 43	 N	SL1	 scaffold_508	 100	 22	 0	 0	 1	 22	 9582	 9561	 7.11E-05	 43	 N	SL1	 scaffold_495	 100	 22	 0	 0	 1	 22	 60871	 60850	 7.11E-05	 43	 N	SL1	 scaffold_341	 100	 22	 0	 0	 1	 22	 57957	 57936	 7.11E-05	 43	 N	SL1	 scaffold_337	 100	 22	 0	 0	 1	 22	 23727	 23706	 7.11E-05	 43	 N	SL1	 scaffold_323	 100	 22	 0	 0	 1	 22	 35506	 35485	 7.11E-05	 43	 N	SL1	 scaffold_323	 100	 22	 0	 0	 1	 22	 46971	 46950	 7.11E-05	 43	 N	SL1	 scaffold_250	 100	 22	 0	 0	 1	 22	 62573	 62552	 7.11E-05	 43	 Y	SL1	 scaffold_220	 100	 22	 0	 0	 1	 22	 155572	 155551	 7.11E-05	 43	 N	SL1b	 scaffold_48	 100	 22	 0	 0	 1	 22	 215977	 215956	 7.11E-05	 43	 N	
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APPENDIX C. FUNCTIONAL ANALYSIS OF CYST NEMATODE 
EFFECTOR GLAND 4 TRANSCRIPTIONAL ACTIVITY   
AND PROTEIN INTERACTORS  
 
TABLE OF CONTENTS 
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In chapter 2 of this dissertation, the cyst nematode effector GLAND4 was 
determined to function as a DNA-binding transcriptional repressor of host genes that 
are involved in plant defense.  
 
Reporter gene assays to assess the role of GLAND4 on transcription 
When investigating GLAND4, the initial hypothesis was that GLAND4 functioned 
as a transcriptional activator, rather than a repressor, of host genes. This hypothesis 
was based on the highly acidic C-terminus of the protein (Fig. S1, Appendix A) and the 
similarities between the C-terminus of GLAND4 to a number of characterized activation 
domains (Table S1, appendix A).  
A yeast reporter system was used to test the transcriptional activation 
capabilities of GLAND4 and a series of GLAND4 truncations. The division of GLAND4 
truncations was determined based on the distribution of positive and negative charges 
as well as the location of the neutral linker region, described in chapter 2 of this 
dissertation (Fig. S1, Appendix A). GLAND4 24-56 is the lysine rich region with 
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homology to histones, GLAND4 57-109 is the neutral linker region and GLAND4 110-
180 is the highly acidic region. Each of the GLAND4 segments was fused to the GAL4 
DNA-binding domain (GAL4BD) and transformed into yeast containing the HIS3 
reporter gene downstream of the GAL4 binding element, 6xGAL4UAS (Fig. 1A).  
 
 
 
Yeast transformants expressing GLAND4 110-180 were capable of growing on 
selective media (SD/-Trp/-His) (Fig. 1B). All other GAL4BD-effector transformants as 
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well as the negative controls GAL4BD only and GAL4BD-LaminC were unable to grow 
on the selective media (Fig. 1B). This indicates that in yeast the C-terminal portion of 
GLAND4 is capable of transcriptional activation in the absence of the central and N-
terminal regions.  
A transient expression system was utilized to investigate whether GLAND4 110-
180 also functions as an activator in plants. The yeast promoter 6xGAL4UAS and the 
coding sequence for the UAS binding protein GAL4BD were transferred into separate 
binary T-vectors and transformed into Agrobacterium tumefaciens for transient 
expression in Nicotiana benthamiana leaf tissue (Fig. 2A). The 6xGAL4UAS sequence 
was placed upstream of the green fluorescent protein (GFP) coding sequence, which 
served as a reporter gene. The levels of GFP expression were monitored during its 
coinfiltration with individual GAL4BD-effector constructs. The expression levels of 
hygromycin were used to calculate the amount of infiltrated tissue as it is part of the T-
DNA for both the reporter and effector constructs. The reporter was initially 
coinfiltrated with the GAL4BD alone to establish a basal level of GFP expression when 
only the GAL4BD is bound to the promoter region (Fig. 2B). To test the sensitivity of the 
system, the C-terminus of the Meloidogyne incognita effector 7H08 was fused to 
GAL4BD (GAL4BD-Mi) as this has previously been shown to activate transcription in 
planta (Zhang et al., 2015). As expected, in the presence of GAL4BD-Mi the level of 
GFP expression was increased as compared to the basal level (Fig. 2B). An increase in 
GFP was also observed when GAL4BD was coinfiltrated with GLAND4 110-180, which 
is consistent with the function of GLAND4 110-180 in yeast (Fig. 2B). Surprisingly the 
expression of GFP in the presence of full-length GLAND4 resulted in a 2-fold reduction 
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of expression, as compared to the basal level (Fig. 2B). The finding that full-length 
GLAND4 reduced GFP expression was what provided the motivation to extensively 
test if GLAND4 functioned as a transcriptional repressor in chapter 2 of this 
dissertation. 
 
 
 
A yeast two-hybrid screen to identify GLAND4-host protein interacting candidates
 The functional role of numerous cyst nematode effectors has been aided by the 
use of yeast two-hybrid screens to investigate the potential effector-host protein 
interactions that occur during infection (Hamamouch et al., 2012; Hewezi et al., 2008; 
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Hewezi et al., 2010; Hewezi et al., 2015; Lee et al., 2011; Patel et al., 2010; Pogorelko 
et al., 2016). GLAND4 was therefore used a bait protein to identify potential interacting 
host proteins using a yeast two-hybrid screen. The yeast two-hybrid screen was 
conducted according to the methods of previously published effector studies and 
clontech protocols (Hewezi et al., 2008; Hewezi et al., 2010). As part of the yeast two-
hybrid, GLAND4 was used as bait for three different Columbia-0 cDNA libraries that 
were generated from root tissue harvested at 4, 7 and 14 days post-inoculation. These 
particular time points serve as representation of the host proteins that are present 
during each of the three infective juvenile life stages.  
 The yeast two-hybrid screen using GLAND4 as bait identified eight positive 
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clones, six of which were identified in the J3 library and two from the J4 library (Table 
1). It is noteworthy that the highest number of clones was identified during the J3 stage 
when GLAND4 expression is highest (Fig. 6C, chapter 2). Sequencing of the positive 
clones identified five different interacting candidates, one of which, Auxin/INDOLE-3-
ACETIC ACID 16 (IAA16) was present four times (Table 1). Interestingly, IAA16 is 
already known to interact with the cyst nematode effector protein 10A07 (Hewezi et al., 
2015).  
To test the potential interactions in a more robust manner, yeast co-
transformation analyses were performed using both the partial proteins discovered as 
part of the screen, as well as the full-length proteins, in accordance with Clontech 
protocols and previously published effector studies (Hewezi et al., 2008; Hewezi et al., 
2010). Three of the partial proteins showed a positive interaction only in the presence 
of GLAND4 (G4) but not in the presence of the negative controls (Fig 3). Testing of the 
full-length proteins in all three of these cases revealed no growth on selective medium 
in the presence of GLAND4 (Fig 3). The findings from the co-transformation would 
suggest that GLAND4 does not interact with host proteins during infection though it 
should also be considered that GLAND4 may first have to undergo a conformational 
change, which does not occur using the yeast system, before interacting with a host 
protein. 
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